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Upconversion Detector for Remote Gas Sensing
by Lichun MENG
An intracavity-enhanced upconversion detector (UCD) for range-resolved atmo-
spheric CH4 sensing over a long distance is demonstrated. The UCD detects an
IR signal at 1645 nm by mixing with a 150 W 1064 nm laser inside a bulk periodi-
cally poled LiNbO3 to produce an upconverted signal with a maximum efficiency
of ∼ 40 %. A photomultiplier tube is used to measure the upconverted signal yield-
ing a noise equivalent power of 127 fW/
√
Hz for the whole detection system. The
UCD outperforms a conventional APD in an atmospheric CH4 DIAL measurement,
and the differential absorption optical depths given by the UCD have less than 11 %
error at ranges between 3 km and 9 km. In addition, the UCD is based on a ring cav-
ity with the ability of single-longitudinal mode pumping, which makes the detector
free of frequency beat noise. In an experimental demonstration of high-speed IR de-
tection, a UCD with a bandwidth larger than 1 GHz is demonstrated. Performing
both experimental and theoretical investigation of the noise property of the UCD
is another essential content of this thesis. Two additional UCDs (one is a single-
pass, short-wavelength pumped UCD, and the other is an intracavity-enhanced,
long-wavelength pumped UCD) are built in order to study the noise sources (US-
PDC, SHG-SPDC, upconverted thermal radiation and upconverted SRS processes)
systematically. The following conclusions are obtained: 1) for the short-wavelength
pumped UCD, the USPDC noise due to the RDC error of PPLN crystal is the primary
noise source when the IR signal wavelength is smaller than 2 µm, and the upcon-
verted thermal radiation becomes the primary noise source when the wavelength
is larger than 3 µm. 2) As a newly identified noise source, the SHG-SPDC process
can be avoided by choosing a proper combination of PPLN poling period, operating
temperature and bandpass filter. 3) For the long-wavelength pumped, intracavity-
enhanced UCD, the USPDC process is avoided fundamentally, but the noise count
rate can be larger than 5× 104/s due to the upconverted SRS process, especially
when the Raman frequency shift is small. During the process of noise investiga-
tion, the radially modulated pattern of the USPDC noise is first observed. Based on
that discovery, a noise reduction method for the short-wavelength pumped UCD is
proposed: collecting the upconverted signal at the local minimum of the noise pat-
tern, and the noise can be reduced with the use of noncollinear QPM condition and a
proper spatial filter. This simple technique results in a 14 dB reduction of dark-count
rate with only 2.2 dB signal loss.
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1Chapter 1
Introduction
I worked as a Ph.D. student in the Optical Sensor Technology Group, DTU Fotonik,
Department of Photonics Engineering, Technical University of Denmark between
Nov 2015 and Nov 2018. This thesis presents my original research activities that
I performed during that period. The theoretical studies and most of the laboratory
work were done in DTU Fotonik Risø Campus, Roskilde, Denmark. Another two ex-
ternal research activities were the collaboration with Atmospheric Physics Depart-
ment in the German Aerospace Center (DLR) in Oberpfaffenhofen, Germany and
with the Optical Parametric Oscillators group in ICFO, Barcelona, Spain, separately.
The contributions from our external partners will be explicitly addressed along with
the experiment details in the corresponding chapters.
My Ph.D. study is one part of the Mid-TECH project, which is funded by the
HORIZON 2020 Research and Innovation Program under the grant agreement NO.
642661. The Mid-TECH project comprises 8 European academic/industrial part-
ners. The objective of Mid-TECH is to promote the development of mid-infrared
(MIR) technologies with focus on MIR light sources, novel MIR detection (upconver-
sion technology), and new MIR applications. I am ESR 4 in the Mid-TECH project
among other 14 Ph.D. students, and my task mainly focuses on the development of
an upconversion detector for atmospheric lidar application.
1.1 Structure of the Thesis
This thesis presents both theoretical and experimental investigation of the upcon-
version technology for IR sensing. In particular, the design of a short-wavelength-
pumped, intracavity-enhanced upconversion detector along with its characteriza-
tion and application will be addressed in detail; the different noise sources origi-
nating from the upconversion module and their effects on the performance of the
system are investigated. The potential of the upconversion detection technology is
explored by measuring the atmospheric CH4 over a long distance.
Chapter 1 starts with the motivation of this Ph.D. project, i.e. using frequency
upconversion for IR detection. Afterwards, the development of nonlinear optics
over the past 60 years will be introduced briefly. At last, as a historical background
of this project, a short review of frequency upconversion and its application on IR
detection will be presented.
Following the introduction on the background of the frequency upconversion,
the basic concepts of 2nd order nonlinear optics along with some important formulas
will be presented in Chapter 2. Considering that a bulk periodically poled LiNbO3
is used as the χ(2) material in this project, the basic principle of QPM and the funda-
mental properties of the PPLN will be discussed in detail. In general, the material
in this chapter provides a theoretical framework for further investigation of the fre-
quency upconversion detector.
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Chapter 3 begins with the design concept of the 2nd generation of upconversion
detector (the 1st generation was developed in a previous Ph.D. project), which is
followed by the introduction of the structure of the UCD. Some basic properties of
the UCD such as the intracavity pump power, upconversion efficiency and back-
ground noise are characterized accordingly. These parameters serve as a reference
to evaluate the performance of the UCD in the following experiments.
Chapter 4 focuses on the noise properties of the UCD. First of all, the experi-
mental investigation of the frequency beat noise due to the multi-longitudinal mode
beating will be introduced. Based on the frequency analysis of the upconverted sig-
nal when an IR signal is amplitude-modulated at different frequencies, the detection
bandwidth of the UCD is proved to be larger than 1 GHz. Secondly, three noise
sources for the short-wavelength-pumped UCD: USPDC, SHG-SPDC and upcon-
verted thermal noise are studied by measuring the noise of a single-pass upconver-
sion detector working in different conditions. In order to explain the behaviour of
those noise sources, theoretical models are built accordingly. In the third part of this
chapter, the investigation of the upconverted SRS noise is presented. An intracavity-
enhanced, long-wavelength-pumped UCD is built, and its noise power for different
detection IR wavelengths is measured. Based on the measurement result and the
theoretical analysis, it is concluded that the DCR due to the upconverted SRS noise
is larger than 5× 104/s in the UCD. At last, a discovery on the spatial distribution of
the USPDC noise will be introduced. Based on this discovery, a simple method for
noise reduction is developed.
An application of UCD for atmospheric gas sensing is demonstrated in Chapter
5. The details of the experiment along with the analysis of the result will be pre-
sented. The experimental results confirm that the UCD outperforms a conventional
direct IR detector yielding more sensitive DIAL measurement in the long range.
The last chapter of this thesis is the conclusion and outlook. The main findings
and outcomes of the project are summarized, and further suggested improvements
of the UCD and its potential applications are listed.
1.2 Motivation of the Project
IR sensing and detection have broad applications ranging from the dynamic analy-
sis of a single molecule to the astronomical observation of a galaxy. Benefiting from
the emergence of new IR sources such as supercontinuum laser, OPO and QCL, the
sensitivity of active-light-source based IR sensing system is experiencing significant
advancement recently. However, the improvement of IR source is only a half of the
story, the other half depends on the improvement of IR detector, especially for a
passive IR detection system. The performance of conventional direct IR detectors is
reaching the ceiling, and they cannot be further improved significantly due to their
fundamental limit. In order to achieve a breakthrough, researchers start searching
for other IR detection technologies that depend on entirely different working prin-
ciples. In recent years, some new types of IR detectors have been reported and
even been commercialized. Among these new-concept IR detection technologies,
frequency upconversion is one of the promising ones that shows great potential for
IR detection in the future.
Frequency upconversion detection is based on the 2nd order nonlinear SFG pro-
cess of mixing an IR signal with a high-intensity pump field in χ(2) material. Instead
of measuring the IR signal directly, it is first translated spectrally (i.e. upconverted),
and the upconverted signal is measured by a high-performance detector. Figure
1.2. Motivation of the Project 3
1.1 is an overview of the detectivity of direct detectors working at different spec-
FIGURE 1.1: Detectivity of detectors working at different spectral regions (adapted from [1]).
tral regions. Generally speaking, the Si/InGaAs based detectors working in the VIS
and/or NIR regions have higher detectivity in comparison to the ones working in
the MIR/FIR region. By choosing a proper wavelength of the pump field, the upcon-
verted signal carrying the same information as the IR signal can be transferred into
the VIS or NIR region. Therefore, it is more efficient to measure the upconverted sig-
nal with a Si/InGaAs based detector compared with measuring the IR signal with a
low-performance IR detector directly. Moreover, the UCD is capable of fast detection
(high-bandwidth) and working at the room temperature without a complex cooling
system. In contrast, conventional direct detectors for MIR/FIR signal detection usu-
ally have a limited detection bandwidth, and they need additional cryogenic cooling
systems in order to reduce the thermal noise effectively.
Apparently, it is a two-step process during the upconversion detection. In order
to get high total detection efficiency, it is necessary to achieve a high upconversion
efficiency in the first step. However, it is challenging to achieve that because the
upconversion (or SFG) is a weak nonlinear process in general. Fortunately, benefit-
ing from the emergence of new nonlinear materials with relatively high 2nd order
nonlinearity, UCD with high upconversion efficiency becomes possible, and they
have already been reported in the literature recently. In this project, bulk PPLN
crystals are applied in the UCD, which results in considerably high upconversion
efficiency by taking advantage of its relatively larger de f f (∼14 pm/V) in compari-
son with other crystals as shown in table 1.1. In addition, upconversion with Type 0
phase matching (QPM) condition enables the wavelength tunability in a large spec-
tral range by merely changing the poling period and/or the temperature of PPLN
crystal.
KTP BBO LBO CLBO
de f f [pm/V] 3.1 1.94 1.16 1.11
TABLE 1.1: de f f of some commonly used nonlinear crystals [2].
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1.3 State-of-the-art Review
As a branch of fundamental optics, nonlinear optics is relatively modern in compar-
ison to the other branches. It became a research highlight in the 1960s, right after
the invention of laser. After 20 years of nonlinear optics research work on upconver-
sion detection, scientists generally agreed on that the upconversion efficiency was
too low to be used for detection at that time. It was a negative conclusion due to the
material and technical limitations back then, but most of the concepts and theoretical
frameworks of upconversion detection were established, and these previous works
made a full preparation for the future bloom of upconversion detection.
The second research highlight came at the beginning of the 21st century when
new nonlinear materials became available. In particular, benefiting from the matura-
tion of periodically poled nonlinear crystal technology, highly efficient IR detection
based on frequency upconversion became possible.
All the work discussed in this thesis is based on the contributions of predeces-
sors. In order to get a full picture of upconversion technology, it is necessary to
introduce the historical line of the development of upconversion technology briefly.
1.3.1 Pioneers of Frequency Upconversion
As a 2nd order nonlinear process, frequency upconversion (or downconversion) is
too weak to be observed in usual conditions. High-intensity optical field is de-
manded in order to observe nonlinear optical phenomena. Since the laser has high
brightness in both spatial and spectral domain, it becomes an ideal tool for nonlin-
ear optics investigations. Thus, Franken et al. [3] achieved the first demonstration of
SHG using a pulsed ruby laser in 1962 (2 years after the invention of the first laser).
In the following decade, the theory of 2nd order nonlinear optics was established.
The symmetry property of nonlinear crystal and its effects on the intensity of non-
linear interaction were discussed by D. A. Kleinman [4] in 1962. In the same year, a
theoretical paper handling the parametric upconversion process was published by
Armstrong et al. [5]. The phase matching conditions including the QPM shown in
(a) (b)
FIGURE 1.2: (a) Periodic inversion of the nonlinear susceptibility (reproduced from [5]) and
(b) focusing optimization for frequency conversion (reproduced from [6]).
figure 1.2a, were discussed under different circumstances. In addition, the idea of
IR detection based on upconversion was proposed in that paper first. In 1968, the
parametric process involving the Gaussian beam interaction was discussed by Boyd
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and Kleinman [6]. They specified the optimal focus conditions for SHG, upconver-
sion and OPO processes, respectively. Figure 1.2b shows the relation between the
focusing parameter ξ and the merit function hm(B, ξ), where parameter B is affected
by the double refraction angle.
Along with the progress of theoretical studies, a series of experimental demon-
strations of upconversion was achieved. For example, an experiment conducted by
Midwinter and Warner [7] achieved more than 1% upconversion efficiency by mix-
ing the Hg emission line at 1.7 µm with a Q-switched ruby laser in a 10-mm long
LiNbO3 crystal in 1967. One year later, an upconversion image with 50 lines res-
olution was achieved experimentally by Midwinter [8] using the similar setup as
(a) (b)
FIGURE 1.3: Experimental setups for the IR (a) detection (reproduced from [7]) and (b)
imaging (reproduced from [8]).
[7] except that the IR wavelength was changed to 1.6 µm. Figure 1.3a and figure
1.3b show the experimental setups used in [7] and [8] for IR detection and imaging,
respectively.
The parametric amplification and the parametric fluorescence (SPDC) were ob-
served in 1965 by Patel [9] and by Giordmaine et al. [10], respectively. In 1968, Byer
and Harris wrote a theoretical paper [11] analyzing the spectral and the angular
distribution of SPDC photon. Meanwhile, Giallorenzi and Tang drew a similar con-
clusion based on the QED theory [12]. The study of SPDC had little connection with
the upconversion, but it is strongly related to the noise generation during the up-
conversion process, and these early studies on SPDC cleared the pavement for the
discovery of upconversion noise, which was found at the very beginning stage of
upconversion detection: the unexpected noise was reported in [7], where the NEP of
the UCD was 0.1 ∼ 0.5 µW/cm2. Even though the authors did not confirm the noise
source, but they pointed out that the USPDC process could be the possible reason,
which was theoretically confirmed by Tang in 1969 [13] using the QED theory. Figure
1.4 shows the Feynman diagrams of SPDC and USPDC processes, respectively.
Astronomical IR observation was one of the main areas where upconversion de-
tection was used. In 1974, Gurski et al. published the first demonstration using
an UCD for astronomical application [14]. They used a 1064 nm Nd:YAG laser as
the optical pump that had 65 times greater effective duty cycle than the ruby laser,
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(a) (b)
FIGURE 1.4: Feynman diagrams of the (a) SPDC and the (b) USPDC processes (reproduced
from [13]).
which yielded 45 times improvement of SNR. Afterwards, several similar applica-
tions emerged before Boyd wrote a review paper stating that the upconversion tech-
nology had not been proved to be a useful technology in astronomy. He also pointed
out that the unexpected noise source should be inhibited, and a high power laser
should be used as a pump in order to achieve high upconversion efficiency [15].
The intracavity-enhanced UCD was first demonstrated by Falk and See in 1977
[16]. Even though the circulating pump power was only several watts due to the
high loss of laser cavity back then, it proved the concept of intracavity-enhanced
upconversion. More importantly, their work showed another method of achieving
effective upconversion for future researchers.
1.3.2 Recent Developments in Upconversion Detection
During 1980-2000, the upconversion technology experienced a decade of slow progress
before its second highlight. Meanwhile, the technologies of semiconductors and
lasers achieved considerable progress, and these technologies started being widely
used in different applications, which gave birth to new experimental apparatuses.
In particular, high-quality optical components such as HR coatings and filters be-
came commercially available. These developments supported the reinvigoration of
upconversion technology. Most importantly, nonlinear materials with high trans-
parency, high damage threshold and high chemical stability became mature. One
of the outstanding representatives is the PPLN crystal either in bulk or waveguide
form.
PPLN waveguide-based SHG was demonstrated by Krishnan et al. in 2002 [17].
A 33-mm long PPLN waveguide yielded the highest normalized conversion effi-
ciency of 150 %/Wcm2 back then. Two years later, Roussev et al. working in the
same group published a paper showing another PPLN waveguide-based upconver-
sion detector for single-photon counting with an upconversion efficiency of 86% [18].
From 2006, intracavity-enhanced UCDs based on bulk PPLN crystals started being
reported [19–22]. The specific designs of these UCDs differed from each other signif-
icantly, but their backbones were all 1064 nm lasers with Neodymium-doped gain
media. Moreover, they all tried to upconvert the telecom band IR signal. Two typical
setups for single-photon detection are shown in figure 1.5.
Even though these short-wavelength-pumped UCDs could achieve high upcon-
version efficiency (>90%), they all had a relatively high dark photon rate (∼ 1× 105/s),
which limited their application in the field where a low background noise is de-
manded (e.g. quantum optics). With further investigation, USPDC process was
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(a) (b)
FIGURE 1.5: (a) Waveguide (reproduced from [18]) and (b) bulk crystal (reproduced from
[21]) PPLN-based UCDs for the single-photon counting detection.
pinpointed as the dominant noise source. Pelc et al. clarified the relation between
the RDC error and the intensity of parametric noise generation both theoretically
and experimentally [23, 24]. In order to remove the USPDC noise of UCD funda-
mentally, the long-wavelength-pumped UCD was introduced [25, 26]. The 1.55 µm
photons mixed with a 1.9 µm pump in a PPLN waveguide yielded >80% upcon-
version efficiency and ∼ 1× 102/s dark-count rate. One example setup using the
long-wavelength pump is shown in figure 1.6a.
With the development of different UCDs, they started being used in other appli-
cations. For example, by combining with a lidar system, the UCD has been used for
(a) (b)
FIGURE 1.6: (a) Long-wavelength-pumped UCD for single-photon counting (reproduced
from [25]), (b) UCD for long-range aerosol lidar (reproduced from [27]).
the long-range aerosol detection [27] as shown in figure 1.6b, also for wind [28] and
visibility [29] measurements. Benefiting from the high detectivity of UCD, the SNR
of the lidar system was significantly improved. For example, SNR given by the UCD
was 2 orders of magnitude larger than that of the InGaAs APD in [27]. Applications
of UCD in reflectometry [30] and astronomical observation [31] were also reported.
One of the most important research areas of our Optical Sensor Technology group
is to expand the application of upconversion technology. Back in 2010, Dam et al.
from our group demonstrated the first high-resolution (more than 200×1000 pix-
els) upconversion image of thermally illuminated objects [32]. In 2012, another
published paper showed single-photon MIR imaging using an intracavity-enhanced
UCD with ∼ 20% upconversion efficiency [33]. Afterwards, new applications in the
fields such as high-resolution spectroscopy [34], hyperspectral imaging [35] and gas
sensing [36] started emerging rapidly. Especially after the kick-off of the Mid-TECH
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project in 2015, research work on upconversion technology in our group is brought
to a new height [37–43].
In 2014, Wong et al. from a NASA research group demonstrated an intracavity-
enhanced UCD for a pW-level IR signal detection suggesting the potential of UCD
for remote gas sensing [44]. Lasse Høgstedt from our group successfully demon-
strated the first UCD based lidar measurements of atmospheric CO2 in 2016 [45].
Figure 1.7 shows his experimental setup and the measurement result. Even though
the UCD did not outperform the InGaAs based detector back then, it showed a great
potential for further improvement. Therefore, one of the most important parts of this
Ph.D. project is to continue exploring the potential of UCD for remote gas sensing.
The detailed comparison between the experiment in [45] and my new work will be
presented in Chapter 5 of this thesis.
(a)
(b) (c)
FIGURE 1.7: (a) Experimental setup for long-range atmospheric CO2 sensing. (b) and (c) are
the IPDA and DIAL measurement results given by the UCD and the InGaAs based direct
detector, respectively (reproduced from [45]).
1.4 Project Goals
The primary goal of this Ph.D. project is to continue the investigation and devel-
opment of an UCD for the application of remote gas (CH4) sensing. In particular,
it involves the design and building of the new generation of UCD, using UCD for
atmospheric CH4 sensing and UCD noise properties characterization.
1 Build and design a new intracavity-enhanced UCD using a bulk PPLN crystal
as the χ(2) material. Afterwards, optimize and characterize the performance of
the UCD.
2 Perform atmospheric CH4 sensing combining the IPDA/DIAL lidar system in
the German Aerospace Center (DLR) with the new UCD.
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3 Theoretical investigation of the UCD noise sources. Characterize the noise
properties of the UCD including the spatial distribution of noise photon and
the frequency response of the upconversion module.
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Chapter 2
Theory of Frequency Upconversion
Before pivoting to the details of the UCD, some fundamental principles and concepts
related to the upconversion technology will be introduced in this chapter. These ma-
terials will provide theoretical support for the analysis and discussion in the follow-
ing chapters. At the beginning of this chapter, a physical model of 2nd order non-
linear optical process along with its mathematical description will be introduced.
In the second section, phase matching condition will be explicitly addressed. Since
PPLN crystal is the χ(2) material that is used in this project, its properties and the
associated optical processes will be discussed in the last section of this chapter.
As mentioned in Chapter 1, the fundamental theory handling the 2nd order non-
linear process has been developed since the 1960s. Instead of showing the details
of derivations [46–48], only some important equations and conclusions will be pre-
sented directly for the convenience of further discussion. Additionally, the scope of
2nd order nonlinear optics is too large to be covered entirely, hence only the theory
associated with the frequency upconversion will be emphasized here.
2.1 Theory of 2nd order Nonlinear Optical Process
In comparison with the common linear optical phenomena such as reflection, refrac-
tion and absorption, a nonlinear optical process is usually too weak to be observed
in daily life. Most of the time, the nonlinear effect becomes observable only un-
der the condition of high-intensity electromagnetic field. Mathematically, the linear
response is just a first-order approximation of the interaction between the electro-
magnetic field and the material, and the nonlinear process is usually handled by the
perturbation theory since the interaction is much weaker than the linear one.
2.1.1 2nd order Nonlinear Susceptibility
Generally, it is unnecessary to study the response of each atom in the material in-
dividually. Instead, the susceptibility χ(i) is used to bridge the response of material
and the optical field as shown by equation 2.1.
P˜(t) = e0[χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + · · · ] (2.1a)
≡ P˜(1)(t) + P˜(2)(t) + P˜(3)(t) + · · · , (2.1b)
where e0 is the permittivity of free space. P˜(t) is the polarization and E(t) is the
electric field. χ(1) is the linear susceptibility that determines the refractive index, ab-
sorption and birefringence property of the material. χ(2) is known as the 2nd order
nonlinear susceptibility, which is of great significance in frequency upconversion.
χ(2) is a 3rd-rank tensor having 54 elements. For the case of three-wave mixing, a
total of 6 tensors should be considered resulting in 324 elements in general. These
12 Chapter 2. Theory of Frequency Upconversion
324 elements are not always independent. With several kinds of symmetry con-
siderations, χ(2)ijk can be replaced by a 2
nd-rank tensor dil with only 10 independent
elements as shown by equation 2.2.
dil =
d11 d12 d13 d14 d15 d16d16 d22 d23 d34 d14 d12
d15 d24 d33 d23 d13 d14
 . (2.2)
For a specific nonlinear crystal with a certain symmetry of its crystal lattice, the
number of independent elements can be further reduced. For example, the LiNbO3
crystal belongs to the point group of class 3m, and its dil has only 3 independent
elements as:
dil =
 0 0 0 0 d31 −d22−d22 d22 0 d31 0 0
d31 d31 d33 0 0 0
 . (2.3)
In practice, the propagation directions and the polarization states of the optical
fields are forced to fulfil the phase matching condition in order to maximize the
efficiency. Thus, dil with a limited number of independent elements can be further
simplified as a scalar value of de f f . For example, when the QPM condition is used
for the PPLN-based upconversion, only d33 in equation 2.3 (25 pm/V) can contribute
to the nonlinear interaction.
2.1.2 Coupled-Wave Equations for Sum and Difference Frequency Gen-
eration
Different theories can be used to describe the 2nd order nonlinear process mathemat-
ically. For example, the quantum field theory can draw a full picture of the nonlinear
interaction, and it even becomes the only option when the quantum effect cannot be
neglected such as the SPDC process. Pedersen et al. from our group developed
a method for modelling the nonlinear interaction of two arbitrary fields inside the
nonlinear crystal [49], wherein the absorption of the crystal and the spatial walk-
off are considered. This model turns out to be a simple method for handling the
nonlinear interaction of two Gaussian beams [43]. In this thesis, the coupled-wave
equations derived from the Maxwell equations are used in most of the calculations
since plane-wave interaction is a good approximation for most of the experiments
performed in this Ph.D. project.
(a) (b)
FIGURE 2.1: Frequency diagrams for (a) sum and (b) difference frequency generation.
Figure 2.1a and figure 2.1b shows the SFG and DFG processes, respectively. In or-
der to make the equations compatible with the following experiments, the subscripts
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for each parameter are assigned based on the experimental conditions: up, p, s, i rep-
resent upconversion, pump, infrared signal and idler, respectively. These subscripts
will be used in this thesis consistently.
The coupled-wave equations for SFG are:
dEs
dz
= Ksug(z)Eupe−i∆kupz (2.4a)
dEup
dz
= Kupg(z)Esei∆kupz, (2.4b)
where
Ksu =
2iwsde f f
nsc
E∗p, Kup =
2iwupde f f
nupc
Ep (2.4c)
∆kup = kp + ks − kup. (2.4d)
The coupled-wave equations for DFG are
dEs
dz
= Ksdg(z)E∗i e
i∆kdz (2.5a)
dEi
dz
= Kidg(z)E∗s ei∆kdz, (2.5b)
where
Ksd =
2iwsde f f
nsc
Ep, Kid =
2iwide f f
nic
Ep (2.5c)
∆kd = kp − ks − ki, (2.5d)
where g(z) is defined as a crystal structure function, which is used to describe the
optic axis of the crystal at position z. For example, g(z) ≡ 1 for the non-poled
crystal. The exact form of g(z) for the PPLN crystal will be discussed in detail in
the following section. k j is the wavenumber defined as k j = 2pi/λj · nj, where nj is
the refractive index, which can be calculated by the Sellmeier equation when λj and
temperature T are assigned.
Before using equations 2.4 and 2.5 for the further calculation, the following 5
points should be emphasized.
• Slowly varying amplitude approximation
Equations 2.4 and 2.5 are the approximate results of Maxwell’s equations in-
cluding the nonlinear response of the material. The slowly varying amplitude
approximation is one of the most important postulations requiring |d2E/dz2| 
|kdE/dz|. Therefore, these equations cannot handle the nonlinear effect when
an ultra-short pulse is involved.
• Pump non-depletion
It is a three-wave mixing process for both SFG and DFG processes. Hence
the differential equation of Ep should also be included in principle. But for
the experiments demonstrated in this thesis, the pump field is much stronger
than the other ones, and its variation throughout the crystal can be neglected.
Therefore, Ep is treated as constant during the interaction.
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• Energy conservation
SFG and DFG are parametric processes, i.e. without energy exchange between
the optical field and the material. Energy is conserved among these three op-
tical fields: h¯ωup = h¯ωi + h¯ωs. Moreover, Manley–Rowe relations are also
maintained: the rates of photon number change in each of the fields are equal.
• Momentum conservation
The momentum is not necessarily conserved among these three mixing fields.
When an unpoled material is used, maximal conversion efficiency can be ob-
tained when the momentum is conserved among three photons: h¯kup = h¯kp +
h¯ks, which is also known as the phase matching condition. In contrast, the
impulse-momentum theory should be used when the momentum among the
photons is non-conserved. The additional momentum gain (or loss) among
the photons are from the impulse applied by the nonlinear material, i.e. the
material experiences a force applied by the optical fields.
• Gaussian beam consideration
Equations 2.4 and 2.5 handle the nonlinear processes in the temporal and spa-
tial frequency domain. Therefore, the interaction between plane waves can
be solved directly. However, the pump field in the experiment is a Gaussian
beam, which should be converted into the spatial frequency domain before us-
ing equations 2.4 and 2.5 for the calculation. But for most cases in this thesis,
the Rayleigh length of the pump beam is larger than the crystal length. Thus,
the Gaussian beam in those cases can still be approximated as a plane wave.
It also means the conservation of transverse momentum, thus ∆k becomes a
scalar.
2.1.3 SPDC and Vacuum Fluctuation
Figure 2.2 shows the scheme of the SPDC process, which is similar to the DFG pro-
cess as shown by figure 2.1b except that there is no signal/idler input. Equations
2.5 cannot be used for the calculation of the SPDC process directly since only a triv-
ial solution Es(0 < z < L) ≡ 0 can be obtained considering the initial conditions
of Es(z = 0) = 0 and Ei(z = 0) = 0. Apparently, this trivial solution is inconsis-
FIGURE 2.2: Frequency diagram of the SPDC process
tent with the experimental result due to the fundamental limitation of the classical
electrodynamics.
SPDC process was rigorously modelled by Tang based on the quantum field the-
ory [12]. In this thesis, the SPDC process is described semi-classically by combining
equations 2.5 with the quantum effect of vacuum fluctuation.
In the k space of the idler field, the mode density with one single polarization
state is V/(2pi)3, the number of modes dNi in the k space between ψ and ψ + dψ
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with the magnitude between ki and ki + dki is
dNi =
V
(2pi)3
k2i dΩdki =
V
(2pi)3
k2i dki2piψdψ. (2.6)
Assuming each mode has only one photon, the intensity Ii0 is:
Ii0 =
ch¯widNi
Vni
=
ch¯wik2i ψdkidψ
(2pi)2ni
. (2.7)
Afterwards, Ii0 is used as the initial condition for equations 2.5. Following the same
procedures, the power of SPDC can be calculated (Byer and Harris [11]) as:
Ps = (βLPp/|b|)piθ2, β = 2υ
4
sυid215h¯ns
(2pi)2e30c5ninp
, b =
∂ks
∂ωs
∣∣∣∣
ωs=ωsc
− ∂kup
∂ωup
∣∣∣∣
ωup=ωupc
. (2.8)
This result was confirmed by the experiment done by Pearson et al. [50]. In
Chapter 4 of this thesis, the calculation of SPDC intensity based on the vacuum fluc-
tuation is performed in order to evaluate the intensity of USPDC noise as a function
of parameters such as pump power.
2.2 Phase Matching Condition
In the community of nonlinear optics, phase matching condition is one of the essen-
tial concepts, which has been discussed repeatedly. The formula of phase matching
is elegant, and the principle of momentum conservation behind the formula is also
crucial. Especially for experimental physicists, the maximal conversion efficiency
can only be achieved with the condition of phase matching (or quasi-phase match-
ing). Phase matching condition is usually met by temperature or angular tuning of
birefringence of the crystal. The classification of phase matching type and its relation
with the properties of the material were discussed by Midwinter and Warner [51] in
1965.
2.2.1 Phase Matching Condition and Upconversion Efficiency
When the unpoled χ(2) material is used for upconversion, g(z) ≡ 1. With the initial
condition of Ez = 0, equation 2.4a can be solved as:
Iup(L) = Is(0)
nup
ns
|Kup|2L2sinc2(γL), (2.9a)
where
γ = [−KsuKup + (∆kup/2)2]1/2. (2.9b)
The upconversion efficiency is
ηup =
Iup(L)/h¯ωup
Is(L)/h¯ωs
=
2ωupωsd2e f f L
2 Ip
npnsnupc3e0
sinc2(γL). (2.10)
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In the case of phase matching ∆kup = 0, the upconversion efficiency becomes
ηup = sin2(
√
Pp
Pmax
pi
2
), (2.11a)
where
Pmax =
pi2npnsnupc30A
8ωupωsd2e f f L
2
. (2.11b)
Equations 2.11 is used for the calculation of upconversion efficiency when signal
depletion cannot be neglected. Figure 2.3a shows the upconversion efficiency with
different pump power. Theoretically, a unity upconversion efficiency ηup is obtained
when Pp = Pmax, and it starts decreasing when Pp becomes larger than Pmax, which
indicates that the upconverted photons start downconverting back to the IR signal.
When the upconversion efficiency is low (Pp << Pmax) and the depletion of the
signal can be neglected,
ηup ≈
2ωupωsd2e f f L
2 Ip
npnsnupc30
sinc2(∆kupL/2). (2.12)
According to equation 2.12, the upconversion efficiency is proportional to the square
of crystal length L2 times the intensity of the pump field Ip. These two parameters
can be specified in the design of the UCD. Figure 2.3b shows the normalized up-
(a) (b)
(c)
FIGURE 2.3: (a) Upconversion efficiency as a function of normalized pump power, (b) sinc2
function of the phase mismatch and (c) wave vectors of the three mixing fields.
conversion efficiency as a function of phase mismatch. The maximal ηup is expected
when the phase matching condition ∆kup = 0 is fulfilled. The full width at half max-
imum (FWHM) is specified as a function of phase mismatch ∆kup and crystal length
L. Figure 2.3c illustrates the wave vectors of the three mixing fields with the non-
collinear phase mismatching condition. With small angle approximation of φ  1,
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phase mismatch ∆kup can be approximated as:
∆kup = kupcos(θ)− kscos(φ)− kp (2.13a)
≈ kup − ks − kp + ks/2(1− ks/kup)θ2, (2.13b)
where
ksφ = kupθ. (2.13c)
When ∆kup 6= 0, the coherence length can be defined as
Lc =
2pi
∆kup
. (2.14)
For the upconversion process with the condition of phase mismatching ∆kup 6= 0,
the energy in each fields exchanges with others periodically along the propagation
direction, and the period is 2Lc. The maximum upconversion efficiency is obtained
at distance of Lc. Afterwards, the energy stored in the upconverted field flows back
to the pump and the IR signal fields.
For the upconversion process with the phase matching condition of∆kup(λsc, φc, Tc) =
0, the acceptance parameters of the upconversion are:
∆λs = ∆kFWHM
/∂∆kup
∂λs
∣∣∣∣
λs=λsc
(2.15a)
∆φ = ∆kFWHM
/∂∆kup
∂φ
∣∣∣∣
φ=φc
(2.15b)
∆T = ∆kFWHM
/∂∆kup
∂T
∣∣∣∣
T=Tc
, (2.15c)
where ∆kFWHM = 2.784/L. ∆λs, ∆φ and ∆T are the acceptance bandwidth, angle
and temperature, respectively. These three parameters can be calculated numerically
when the Sellmeier equation for the material is specified. These three acceptance
parameters are widely used in both theoretical and experimental study of the UCD.
For example, the acceptance bandwidth ∆λs decides the spectral range of detection,
the acceptance angle ∆φ decides the field of view of the detector and the acceptance
temperature ∆T is the maximal tolerance of temperature detune.
2.2.2 Quasi-Phase Matching
Angular and temperature tuning are two most common methods of achieving phase
matching condition when an unpoled birefringent crystal is used for the upconver-
sion. However, this scheme has the following disadvantages: 1) Angular and tem-
perature tuning have a limited spectral range, i.e. the phase matching condition can-
not be achieved for some arbitrary combinations of pump and signal wavelengths.
2) The de f f in this scheme is much smaller than the diagonal terms d33, and smaller
de f f indicates lower upconversion efficiency. For example, the de f f is usually smaller
than 5 pm/V when an unpoled LiNbO3 crystal is used for the upconversion, but d33
of LiNbO3 is 25 pm/V. 3) One of the three mixing fields has a different polarization
state than the others, the spatial walk-off (for the critical phase matching) between
the extraordinary and the ordinary beams can reduce the efficiency significantly.
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Quasi-phase matching (QPM) is one of the technologies that can overcome the
limitations that mentioned above. This technique was first proposed by Armstrong
et al. [5]. More detailed calculations were given in other studies [52–54]. At that
time, the technologies such as periodically poling and orientation patterning were
not invented, hence QPM could only be achieved by using the stack of plates experi-
mentally, which is shown in figure 1.2a. Apparently, it was not ideal considering the
relatively high transmission losses during the propagation.
As shown by the cyan line in figure 2.4, the energy in the upconverted field
changes periodically. In the first coherence length Lc, the energy in the upconverted
field builds up, but the energy flows back to the signal and the pump fields due to
the phase destruction in the second Lc. However, the energy can continue building
FIGURE 2.4: Normalized upconversion efficiency at different positions with the condition of
normal phase matching, phase mismatching, 1st , 3rd and 5th order of QPM.
up if the phase of polarization is shifted by pi after each coherence distance Lc, which
is known as the QPM. The black line in figure 2.4 is the conversion efficiency with the
usual phase matching condition, which is larger than the one given by the QPM (red
line). But in practice, the larger term of the nonlinear susceptibility can be accessed
through QPM, which always leads to a higher conversion efficiency in comparison
with the angular-tuned phase matching. Comparing the PPLN crystal and the un-
poled LiNbO3 crystal, the effective nonlinear coefficient of QPM dQ = 2/pid33 ≈
16 pm/V, which is around 3.6 times larger than that of angular-tuned phase match-
ing de f f ≈ d31 = 4.4 pm/V. Assuming all the other parameters are the same, the
conversion efficiency is improved by a factor of 14 by using a PPLN crystal instead
of an unpoled LiNbO3.
Equations 2.4 and 2.5 can still be used for the calculation of QPM-based fre-
quency conversion processes. In this case, the crystal structure function g(z) be-
comes
g(z) =
{
1, odd domain
-1, even domain.
(2.16)
The red, blue and green dash lines in figure 2.4 are the numerical results of equations
2.4 with 1st, 3rd and 5th order QPM. The conversion efficiency becomes larger with
the increase of propagation distance, but the periodic fluctuation due to the phase
mismatching is still visible. Equations 2.4 can be simplified by replacing de f f and
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∆kup with dQ and ∆kQ, respectively.
dQ = de f f Gm (2.17a)
∆kQ = kup − ks − kp − km, (2.17b)
where
km =
2pi
Λ
m, Gm =
2
mpi
sin(mpi/2), m = 1, 2, 3 . . . . (2.17c)
The red, blue and green solid lines are the results of simplified equations 2.4. These
lines are the first order approximation of the dash lines. Therefore, they have no
fluctuation at all. The 1st order QPM is preferred in frequency conversion since it
can provide the highest efficiency compared with the other higher orders. However,
due to the limitation of fabrication technology, the poling period cannot be made un-
limitedly small. For example, the fabrication of PPLN with a poling period smaller
than 5 µm can be very challenging. Therefore, a higher-order QPM is used at the
compromise of the conversion efficiency when the 1st order QPM is not possible.
2.2.3 Super-Phase Matching
During the operation of upconversion detection, a pump field with high intensity
always leads to a phase mismatched SPDC process, and the photon generated by
the SPDC process can be further upconverted. These two steps together are defined
as the USPDC process. Its Feynman diagram and spectral scheme are shown in
figure 1.4b and figure 2.5, respectively.
FIGURE 2.5: Frequency diagram of the USPDC process.
Generally, the system is phase-matched for the upconversion process in order
to optimize the upconversion efficiency. Thus, the SPDC process is usually phase
mismatched, which results in a low intensity of USPDC. For the applications of OPO
and OPA system, the USPDC process can be neglected. But for a short-wavelength-
pumped upconversion detection system applied particularly to measure weak IR
signals, the USPDC process can be one of the primary noise sources. Therefore, a
thorough investigation of USPDC process is necessary in order to comprehend the
noise properties of the detector completely.
Under special conditions, the phase matching conditions for both upconversion
and SPDC processes can be fulfilled simultaneously, which is known as super-phase
matching. Andrews et al. first reported this two-step nonlinear interaction in am-
monium dihydrogen phosphate pumping with a 530 nm laser [55]: for the SPDC
process: ωep = ωos + ωei , for the upconversion process: ω
o
p + ω
o
s = ω
e
up. The su-
perscripts o, e represent the ordinary and extraordinary polarization, respectively.
Similar demonstrations can be found in the literature [56–58]. This technology pro-
vides a unique way of upconversion without any direct IR input. However, the
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SPDC and the upconversion processes are not entangled strictly since the pump (or
the signal) fields in these experiments had different polarization states in these two
parametric steps. Theoretically, the super-phase matching condition with the same
kup(λup, θ)−ks(λs, φ)−kp = 0 (2.18a)
kp −ks(λs, φ)−ki(λi,ψ) = 0 (2.18b)
1
λup
=
1
λs
+
1
λp
,
1
λs
=
1
λp
− 1
λi
. (2.18c)
FIGURE 2.6: wave vectors for the super-
phase-matched USPDC process.
pump and signal polarization state can be achieved. According to the principle of
momentum and energy conservations, the system fulfils the super-phase matching
condition has relations of equations 2.18, and its wave vector diagram is shown in
figure 2.6. Equations 2.18 contains 6 variables and 6 restrictions when the pump field
kp is fixed. Generally, it can be solved mathematically.
In practice,kp cannot be chosen arbitrarily since it is restricted by the dispersion
of the material. Figure 2.7 shows the solutions of equations 2.18 when a BBO crystal
is used. The polarization states of each field are: SPDC process: ωep = ωos + ωoi , up-
conversion process: ωep + ωos = ωeup. The pump and the signal fields have the same
(a) (b)
FIGURE 2.7: (a) Angle θc (between the direction ofkp and the optic axis c) as a function of
the signal wavelength λs, (b) an example solution with wave vectors plotted in the crystal
coordinate system. The Sellmeier equation at room temperature [59] is used for the refractive
index calculation.
polarization state in those two processes. Figure 2.7a shows the relation between
angle θc and the signal wavelength λs when the wavelength of the pump is fixed
λp = 532 nm. Figure 2.7b shows the wave vectors of one specific solution when θc =
48.5 ◦: kp is fixed since θc = 48.5 ◦; the point of intersection between the black circle
and the blue ellipsoid represents the solution of the SPDC process: ks +ki =kp; the
point of intersection between the green circle and the blue ellipsoid represents the
solution of the upconversion process: kup −ks = kp. Therefore, when two points
2.3. Periodically Poled LiNbO3 21
merge into one (i.e. the black, green circles and the blue ellipsoid has one common
point), super-phase matching condition is met.
2.3 Periodically Poled LiNbO3
As the matrix of PPLN, LiNbO3 crystal was first synthesized in a single crystal form
at Bell Laboratories [60]. Afterwards, it became widely used in various optical and
electrical applications benefiting from its large pyroelectric, piezoelectric, electro-
optic and photoelastic coefficients. Meanwhile, the potential of LiNbO3 for the ap-
plication of frequency conversion was not fully explored until its optical damage
threshold was significantly improved by MgO doping [61]. As shown in the last
section, the largest element of nonlinear susceptibility d33 was not utilized until the
invention of PPLN. Since bulk PPLN is the nonlinear material used in this project, it
is necessary to briefly introduce its fabrication procedure and some of its important
properties.
2.3.1 Fabrication of PPLN and the Poling Errors
LiNbO3 is a kind of ferroelectric crystal whose electrical polarization can be con-
trolled by applying an electric field externally. Therefore, it is possible to have a
periodically poled structure by applying a periodically changed electric field. Barry
et al. specified the necessary procedures for the fabrication of PPLN [62], which is
summarized in figure 2.8.
FIGURE 2.8: Four main steps for bulk PPLN fabrication.
The poling error is unavoidable due to the practical limitation of the poling tech-
nique. The position of the electrode can be precisely controlled by photolithography,
which induces very little error. However, the process of domain reversal (step 3 in
figure 2.8) is strongly affected by the properties of the wafer and the poling condi-
tions. Thus, the errors are mainly created during this step. It becomes extremely
challenging to fabricate a PPLN crystal with a small poling period and a large thick-
ness [63]. Commercially available PPLN crystals with Λ < 5 µm and thickness d >
5 mm are very rare.
A cornerstone addressing the effect of boundary error on the conversion effi-
ciency in the QPM devices was placed by Fejer et al. in 1992 [64]. In their paper,
different types of error (missing reversals, random period error, random duty cycle
error and linear taper of period) were discussed in detail. These errors all affect the
frequency conversion to some degree, but in this thesis, only the random duty cy-
cle (RDC) error will be considered because it is believed to be the main reason for
the efficiency degradation and the noise generation. The effects caused by the other
errors can be neglected. In particular, the random period error mainly exists in the
QPM devices made of a stack of slabs. For the PPLN structure, the poling period is
precisely defined by the electrode pattern, the random period error can be assumed
zero. The missing reversal (or domain merging) and the offset error can be treated as
a reduction of crystal length. In addition, the microscopic image of the PPLN crystal
22 Chapter 2. Theory of Frequency Upconversion
confirms that the number of the missing domain reversal is much smaller than the
total number of domains in the crystal.
The comparison between the perfect structure (1) and the one with the RDC error
(2, 3) is shown in figure 2.9. For the PPLN crystal with the RDC error, the boundary
FIGURE 2.9: PPLN poling structure with and without RDC error.
of the domain is labelled as zi. The RDC error contains two parts: first, the duty
cycle of the structure is not perfectly 50/50. In the process of fabrication, the 50/50
duty cycle is not always the top optimization item, and small duty cycle is chosen
intentionally in order to avoid critical damage such as domain merging in large scale.
Second, the final boundary position has a random error, δzi, which is assumed to
follow a Gaussian distribution. At the beginning of the poling process, the region
close to the electrode (top surface in figure 2.8) is reversed at first, then reversing
goes deeper until reaching the bottom. The growing process is similar to a random
walk, and the poling error in the region close to the top surface is smaller than that
close to the bottom.
2.3.2 Incidental Parametric Processes in PPLN
The RDC error not only degrades the conversion efficiency but also introduces in-
cidental parametric processes. Especially when a high-intensity field is applied in
the PPLN crystal, the intensity of parametric processes can be considerably high
even though it may not be phase matched. Taking the short-wavelength-pumped
upconversion detection system as an example, the typical noise count due to the
USPDC process is at the level of 1× 105/s, which limits the NEP of the detector
strongly. Theoretically, the type of incidental parametric process in PPLN is unlim-
ited, because photons with different wavelengths can be either upconverted, fre-
quency doubled or downconverted. Meanwhile, a parametric process with multiple
steps is also possible, which makes the process even more complicated. However,
it is unnecessary and impractical to analyze all these parametric processes individ-
ually since most of these processes are extremely weak. Only the processes that can
potentially affect the upconversion detection will be discussed here.
• SPDC
The SPDC process in an unpoled crystal was discussed in section 2.1.3 already.
The power of phase-matched SPDC is also given by equation 2.8. The pump-
induced SPDC in PPLN crystal has the same Feynman diagram as shown in
figure 1.4a, but it is phase mismatched. Additionally, it has a much stronger in-
tensity and broader spectrum in comparison with the phase mismatched SPDC
in the unpoled crystal. This high-intensity, broadband SPDC is caused by the
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pedestal effect due to the existence of RDC error in the PPLN crystal [24]. If the
poling structure of PPLN is defined, the intensity of SPDC can be calculated
using equations 2.5 and 2.7 together.
• USPDC
Following the SPDC process, the downconverted photon can be further upcon-
verted as shown in figure 1.4b. Since the SPDC is relatively broadbanded, only
the SPDC photons within the acceptance bandwidth of the upconversion can
be upconverted efficiently with the QPM condition. It is worth pointing out
that the USPDC photon has a similar wavelength of the upconverted signal.
Thus, it is difficult to remove it by using spectral filters.
• SHG
The Feynman diagram of the SHG process is shown in figure 2.10a. Similar
to the SPDC process in the PPLN crystal, the SHG process is also phase mis-
matched. Its bandwidth is decided by the linewidth of the pump field. Usually,
a laser with a narrow linewidth is used as the pump. Thus, the bandwidth of
the SHG is very narrow as well. In addition, according to the principle of the
SHG, the intensity of the SHG is proportional to the square of pump intensity.
Therefore, the spectral brightness of the SHG is much stronger than that of the
SPDC. The actual intensity of the SHG is also dependent on the specific RDC
error of the PPLN. In general, a larger error leads to a higher SHG intensity. A
typical power of the SHG is between the µW and the mW level when a 25-mm
long PPLN crystal is pumped by a ∼ 150 W 1064 nm laser.
• SHG-SPDC
Similar to the USPDC process, SHG-SPDC also contains two steps: SHG pro-
cess triggers the SPDC process as shown in figure 2.10b. The intensity of the
SHG field is very weak compared with the pump field, therefore, the inten-
sity of the phase mismatched SPDC photons due to the SHG field is also very
weak. However, some particular SPDC process can fulfil the QPM condition,
which leads to a spike in its SPDC spectrum.
Essentially, only the single step process (upconversion, SPDC and SHG), and the
two-step process (USPDC and SHG-SPDC) with one step fulfilling the QPM condi-
tion should be considered. From the perspective of upconversion detector, the US-
PDC and the SHG-SPDC should be considered only when a short-wavelength pump
is used. More theoretical and experimental investigations of these two processes will
be discussed in detail in Chapter 4.
(a) (b)
FIGURE 2.10: Feynman diagrams for (a) SHG and (b) SHG-SPDC processes.
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Chapter 3
Detector Configuration
This chapter focuses on the design and the characterization of an UCD for atmo-
spheric lidar application. Ideally, a detector with high detection efficiency, low back-
ground noise and short response time is preferred. But in reality, these parameters
are limited by either the properties of materials or its basic working principle. Dif-
ferent compromises have to be made in order to achieve better performance for a
specific application. Based on the requirements of atmospheric lidar measurements,
a UCD based on a short-wavelength pump with intracavity enhancement is chosen.
In the first section of this chapter, the reason for choosing this specific design will
be explained in detail. The second section is about the characterization of UCD. The
procedures and result of measuring the intracavity-pump power, upconversion effi-
ciency and background noise will be introduced sequentially. Afterwards, the UCD
is pre-tested by measuring a weak IR signal. In the last section, the signal-to-noise
of the system is analyzed.
3.1 Short-wavelength-pumped UCD with Intracavity Enhance-
ment
A former member of our research group, Lasse Høgstedt, designed and built our first
UCD for atmospheric lidar application [45]. His measurement results confirmed that
the UCD could be applied for weak NIR signal detection, and it has a great potential
for further improvement. One of the goals of this Ph.D. project is to continue his
research work: design and build the 2nd generation of UCD and continue using it
for atmospheric gas sensing.
3.1.1 UCD Design
The performance of the first UCD did not outperform the conventional InGaAs
based detectors in the experiment of atmospheric CO2 sensing. Two main reasons
were identified: first, the upconversion efficiency was relatively low due to the low
pump power. Second, the small étendue of the detector strongly limited its ability
for IR signal collection. Therefore, during the design process of the 2nd generation
UCD, a lot of effort is dedicated to the improvement of upconversion efficiency and
to the enlargement of étendue.
Pumping with a high-intensity optical field is one of the most important methods
to increase the upconversion efficiency, and it is usually achieved by pumping with
short optical pulses, pumping in a waveguide or pumping inside a high-Q cavity.
However, only the intracavity pumping has the ability of continuous measurement
with a relatively large étendue. Therefore, the 2nd generation UCD is still based on
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the scheme of intracavity enhancement but applies a ring cavity instead of a linear
cavity.
In the 1st generation UCD, the USPDC noise was identified as the primary noise
source. In principle, it can be fundamentally removed by using a long-wavelength-
pumped scheme. However, a short-wavelength (1064 nm) pump is still used in the
new UCD for the following four reasons: 1) The long-wavelength-pumped UCDs
demonstrated in [25, 26] were all based on waveguide PPLN, high upconversion ef-
ficiency can be easily achieved by applying a small pump power (∼ 100 mW). On
the contrary, it is impractical to achieve a high-intensity pump for the intracavity-
pumped scheme if the wavelength is larger than 2 µm; 2) the upconverted signal
given by a long-wavelength-pumped UCD may end up outside the sensitive spectral
region of Si based detector; 3) the long-wavelength-pumped UCDs can only work in
the region where the IR signal has a shorter wavelength compared to the pump, but
for the short-wavelength-pumped UCD, the spectrum of detection is only limited by
the transmission region of the nonlinear material [40]. 4) The upconverted sponta-
neous Raman scattering noise is the primary noise source for the long-wavelength-
pumped UCD, its DCR in [25, 26] is at the level of ∼ 1× 102/s with a pump power
of ∼ 100 mW. Since the SRS noise is proportional to the pump power, the DCR
is expected to be ∼ 1× 104/s with the pump power of ∼ 10 W for an intracavity-
pumped UCD. In comparison with the DCR of a short-wavelength-pumped UCD,
the improvement in noise reduction is limited.
Similar to the 1st generation UCD, a Neodymium-doped Yttrium Vanadate (Nd:YVO4)
crystal is used as the gain material for a solid-state laser at 1064 nm. However, a ring
cavity, instead of a linear one, is chosen as the backbone of the UCD. These two
kinds of cavity have their own properties. For instance, the laser with a linear cavity
is easier to operate compared to the ring-cavity one. The thermal lensing effect can
be compensated by changing the length of cavity easily when it is a linear-cavity
laser. The 1064 nm laser beam goes through twice of the gain material in the linear
cavity, which provides twice of the gain in comparison with the ring-cavity laser if
two lasers are pumped under the same conditions. However, the laser with the lin-
ear cavity suffers a higher loss because the laser beam refracts and/or reflects twice
on each working surface in the linear cavity. For example, one of the main cavity
losses in the UCD is due to the AR coating on the PPLN crystal with a reflectivity
around 0.6 %, the total loss is around 2.4 % when the laser beam goes through twice
for each of the two surfaces in the linear cavity. In contrast, the loss due to bad AR
coating on the PPLN crystal becomes 1.2 % for the ring cavity since the laser beam
goes through the PPLN crystal just once. The linear cavity suffers an even higher
loss if the scattering effect in the PPLN crystal is involved. However, it should be
mentioned that the ring cavity has an additional loss due to the isolator consisting
of a Faraday rotator (TGG crystal) and a half-wave plate. In addition, a solid-state
laser based on the ring cavity has no spatial hole burning effect, which enables a
single-longitudinal-mode operation. On the contrary, the multi-longitudinal-mode
pump is unavoidable for a UCD with a linear-cavity laser, which can reduce the up-
conversion efficiency and induce additional beat noise. The details of upconversion
with multi-mode pump will be discussed in Chapter 4.
Figure 3.1 and figure 3.2 show the computer-generated photograph and the top
view of the UCD, respectively. A fibre-coupled laser diode (808nm-mm-hhl-fiber-
10w, λ = 808 nm, core diameter = 200 µm, N.A. = 0.22, P808,max = 10 W, Laser
Components) with a maximum 10 W output power at 808 nm is used as the optical
pump for the 1064 nm laser. The output from the fibre tip is circularly symmetric,
which makes the laser alignment easier compared to using an LD with an elongated
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output shape. The laser crystal Nd:YVO4 is a-cut with 0.5% Nd-doped (3 mm ×
3 mm× 8 mm). The laser cavity consists of four mirrors (M1, M2, M3 and M4) with
high reflectance (>99.9%) at 1064 nm for the s-polarization state. M1 is a concave
FIGURE 3.1: CG photograph of the 2nd generation UCD. The optical path for the IR signal,
the 1064 nm pump and the upconverted signal are assigned with the colour of green, red
and blue, respectively.
FIGURE 3.2: Top view of the 2nd generation UCD. All components are mounted on a
238 mm×250 mm×25 mm aluminium board. The ambient light is blocked by walls that are
3D printed with black plastic. The aluminium roof is not shown in the picture.
mirror with a radius R = 350 mm, M2, M3 and M4 are plane mirrors. M4 and M3 are
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used as an IR signal coupling mirror and an upconverted signal decoupler mirror,
respectively. The optical isolator between M2 and M4 consists of a terbium gallium
garnet crystal (TGG, L × R = 10 mm × 2.5 mm) mounted in a ferromagnetic ring
and a half wave plate (HWP). Since the mirrors have higher reflectance for the s-
polarization state than for the p-polarization state at oblique incidence, the 1064 nm
pump is capable of propagation in a single direction. A PPLN oven (PV40, Covesion
Ltd) is placed between M3 and M4, which is also the position of the beam waist of
the 1064 nm laser. The oven can control the temperature of PPLN crystal in the range
of 30 ∼ 200 ◦C with an error of ±0.1 ◦C. The 1064 nm beam waist radius ω0 in the
PPLN crystal is ∼ 200 µm.
3.1.2 Characterization of PPLN Crystals
Several pieces of PPLN crystals with different lengths and poling structures are used
in this project, they were fabricated by HC Photonics Corp. [65] and Covesion Ltd.
[66]. Each crystal contains several channels with different poling periods, which
are designed for upconversion of IR signals at different spectral ranges. Figure 3.3
shows the temperature T and the acceptance bandwidth ∆λs as a function of the
wavelength of the IR signal. The Sellmeier equation used for the refractive index
calculation is given by [67]. The actual temperature applied in the experiment has
an offset (< 5 ◦C) compared to the theoretical one, which is mainly due to the inac-
curacy of the Sellmeier equation.
FIGURE 3.3: (a) Temperature T and (b) corresponding acceptance bandwidth ∆λs as a func-
tion of wavelength λs for the collinear QPM condition. The wavelength of pump λp =
1064.3 nm. The crystal contains 6 different poling periods as specified by the legend.
As mentioned in Chapter 2, the RDC error of PPLN crystal enhances the unin-
tended parametric processes, which can induce additional noise for upconversion
detection. In order to estimate the intensity of the noise, it is important to obtain
the position of domain boundaries inside the crystal. Therefore, the surface of the
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PPLN crystal that is used in experiments is pictured by a microscope. A portion of
the crystal is shown in figure 3.4, from which the position of the boundaries between
the adjacent domains can be measured directly. Meanwhile, it is worth pointing out
that the boundaries are tapered through the crystal, the actual domain widths are
different from the ones that are measured from the picture because only the top of
the crystal is imaged. The data presented here is used to estimate the RDC error and
the average duty cycle only.
The width of each domain is calculated based on the position of peaks in figure
3.4. The histogram of domain width is shown in figure 3.5. The histogram for the
(a)
(b)
FIGURE 3.4: Images of two PPLN crystals from (a) Covesion Ltd. with Λ = 12 µm and from
(b) HC Photonics Corp. with Λ = 11.97 µm, respectively. The images are contrast enhanced.
The red curves on top of the image are the relative intensity. The peaks of the red curves
represent the position of domain boundaries.
HC Photonics crystal has two peaks, which indicates a non-50/50 duty cycle. The
average duty cycle and the RDC error of the crystal are calculated by fitting the
histogram with a Gaussian distribution. The fitting results are listed in table 3.1.
FIGURE 3.5: Histogram of the domain width for two crystals as shown in figure 3.4. The
width for each domain is given by the difference of adjacent peaks of the red curve.
Manufacturer Duty cycle [%] RDC [%]
HC Photoncs 41.3/58.7 6.3
Covesion 45/55 7.5
TABLE 3.1: Average duty cycle and RDC error of two PPLN crystals
used in this work.
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In equations 2.4, function g(z) is used to describe the structure of crystal in the
space domain. For the PPLN crystal, g(z) has the form of equation 2.16, which can
also be represented in the spatial frequency domain as g˜(∆k). In particular, it is
more convenient to discuss the RDC error in the spatial frequency domain since the
value of |g˜(∆k)|2 is strongly correlated with the intensity of parametric process with
a phase mismatch of ∆k. The relation between the intensity of SPDC and the RDC
error will be discussed further in Chapter 4 when the noise properties of UCD are
explicitly addressed.
By analyzing the picture of the crystal, only the statistical parameters such as the
RDC error can be estimated. The accurate g(z) cannot be measured precisely due to
technical restriction. Therefore, |g˜(∆k)|2 is not available. But the assembly average
< |g˜(∆k)|2 > can be calculated using equation 3.1 when the average duty cycle and
the RDC error are known. The details of derivation can be found in Appendix A.
< |g˜(∆k)|2 >= 2L
∆k2Λ
[1− exp(−∆k2σ2z )]
+
4
∆k2
exp(−∆k2σ2z )
(1− cos∆kL2 ){1− cos[∆kΛ(1− D)]}
sin2 ∆kΛ2
,
(3.1)
where σz is the standard deviation of boundary position, D is the average duty cycle.
The intensity of parametric process with a phase mismatch of ∆k is proportional
to the value of |g˜(k)|2. Therefore, the parametric process like SPDC is expected to
have higher intensity when the RDC error is larger. Figure 3.6 shows an example of
|g˜(∆k)|2 with assigned RDC parameters. The pedestal of the curve is elevated with
the increase of RDC error and some additional peaks appear at ∆k = 2j · 2pi/Λ (j is
an integer) when D 6= 50%.
FIGURE 3.6: |g˜(∆k)|2 as a function of ∆k. The RDC error is 6.3%, the duty cycle is 41.3% and
the poling period Λ = 11.97 µm.
3.2 Characterization of the UCD
The detection efficiency and the background noise are the two most important pa-
rameters of UCD since these parameters decide the detectivity of the system even-
tually. With those two parameters, the SNR of the detection can also be calculated if
the power of the IR signal is specified. These two parameters are all related to the
pump power, i.e. the upconversion efficiency and the background noise all increase
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when a higher power is used (for Pp < Pmax). Therefore, it is not practical to improve
the performance of UCD by merely increasing the pump power. In this section, the
effect of pump power on the upconversion efficiency and the background noise are
investigated in detail.
3.2.1 Intracavity Power
The backbone of the UCD is a ring laser operating at 1064 nm with a Nd:YVO4 crys-
tal as the gain material, which is optically pumped by an 808 nm LD. In order to
achieve a high intracavity pump power, all the cavity mirrors are highly reflective
(R > 99.9%) at 1064 nm. But in order to evaluate the performance of the system,
a ring laser is built by removing the PPLN crystal and replacing mirror M4 with a
decoupler (R = 80% at 1064 nm). Figure 3.7 shows the relation between the output
power of the ring laser and the absorbed 808 nm pump power. The slope efficiency
of the laser is 48%, which is smaller than the value in the literature [68], but it can
be improved by putting the PPLN crystal back inside the laser cavity because of the
better overlap between the two beams (the 1064 nm laser and the 808 nm pump) in-
side the Nd:YVO4 crystal. When the power of 808 nm pump is greater than 10 W,
the degradation of beam quality due to the thermal lensing effect is observed, and
the output power of the laser can no longer increase linearly with respect to the 808
nm pump power.
FIGURE 3.7: The output power of 1064 nm ring laser as a function of the absorbed 808 nm
pump power.
The maximum output power of the ring laser is around 3 W. Compared to the
transmission loss of the decoupler (T = 20%), the rest losses due to the other compo-
nents can be neglected. Therefore, the total loss of the laser cavity can be assumed
around 20%. Thus, the intracavity power is around 3 W/20%= 15 W. For the upcon-
version detection, the decoupler is replaced by a high-reflectivity mirror. The cavity
loss can be estimated as 1− 0.99812 ≈ 2% by assuming the average reflectivity of
12 working surfaces is 99.8%. Therefore, the maximum circulating pump power is
around 3 W/2% = 150 W.
In the experiment, the intracavity power of the 1064 nm laser is monitored by
measuring the leakage power Pleakage from M1, whose transmission (TM1 = 0.0117%)
is characterized before applied in the measurement. The intracavity power can be
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estimated by Pp = Pleakage/TM1. Note that the transmission of M1 TM1 = 0.0117% ac-
counts for the transmission of two surfaces. Thus, it is smaller than the transmission
of the front surface since the rear surface of M1 is not AR coated.
3.2.2 Upconversion Efficiency and Background Noise
The upconversion efficiency and the background noise of the UCD are characterized
when the system is optimized for the detection of the IR signal at 1575 nm. The lin-
ear polarized IR signal coming out of a fibre tip is focused by an f = 11 mm lens into
a 25-mm long PPLN crystal with a poling period of Λ = 11.97 µm. The diameter of
the focus spot is estimated around 300 µm. The direction of the IR beam is carefully
adjusted until it is fully overlapped with the 1064 nm pump beam. The temperature
of the PPLN crystal is maintained at 67.3 ◦C at which the power of the upconverted
signal is maximized. M4 and M3 in figure 3.8a serve as the IR signal coupler and the
upconverted signal decoupler during the detection. Their transmissions are mea-
sured as ∼ 89% at 1575 nm and ∼ 80% at 635 nm, respectively. A fW-detector is used
for the background noise measurement. The result is shown in figure 3.8b, where
ηup is the internal upconversion efficiency given by P635λ635 / P1575λ1575 · 1 / TM3,M4.
In this experiment, the maximum 1064 nm pump power is around 170 W and the
maximum internal upconversion efficiency is ηup ≈ 50%.
(a) (b)
FIGURE 3.8: (a) Experimental setup and (b) the results for the upconversion efficiency ηup
and the background noise. A bandpass filter with λc = 635 nm, and λFWHM = 10 nm is
placed in front of the detector.
3.3 UCD for Weak Signal Detection
The power of the backscattered signal in a typical atmospheric lidar application is
very small (estimated at the level of ∼ 1 nW). Therefore, a detector with a low back-
ground noise is preferred for weak signal detection (i.e. received power in the order
of 1 nW or less). In order to evaluate the performance of the UCD before using it for
atmospheric lidar measurement, a weak signal is measured, and the effect of pump
power on the SNR is analyzed accordingly.
3.3.1 Experimental Setup and Results
The experimental setup for the weak signal detection is shown in figure 3.9a. Instead
of focusing the IR signal into the PPLN channel directly as shown in figure 3.8a,
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the output of the fibre laser at 1575 nm is focused onto a rotating diffuser that is
placed ∼ 5 m away from the UCD. A 3′′ lens with a focal length of 300 mm is used to
collect and to focus the backscattered signal into the PPLN crystal. The optical field
of the IR signal in front of the lens can be approximated as a plane wave, and the
wavefront of the input field after the focusing lens becomes a converging spherical
wave. Therefore, the Is(φ) can be assumed constant for different input angle φ.
(a) (b)
(c)
FIGURE 3.9: (a) Experimental setup for the backscattered signal measurement. (b) An ex-
ample of the ring structure taken by the camera. (c) Angle φ for the noncollinear QPM and
the upconverted photon count given by the camera as a function of the temperature of the
PPLN crystal.
The output power of the fibre laser is 3 mW. Two ND filters with OD = 1, 2 are
applied separately in order to attenuate the IR signal power. The bandpass filter
shown in figure 3.8a is still used here to reduce the noise. The upconverted sig-
nal is measured by an EM-CCD camera (Luca S 658M, Andor) with an integration
time of 3 s. Figure 3.9b shows a typical ring structure given by the upconversion
signal with the noncollinear QPM condition. The speckle effect due to the interfer-
ence is reduced by the rotating diffuser. After the background subtraction, the sum
of the electron number in each pixel on the whole image is used to characterize the
power of the upconverted signal. Figure 3.9c shows the upconverted photon count
at different temperatures. Apparently, the collinear upconversion is achieved when
the temperature is around 67 ◦C. With decreasing temperature, the QPM angle φ
increases, which results in two effects on the detection efficiency: first, the upcon-
version efficiency decreases due to the decrease of interaction length between the
IR signal and the pump field; second, the solid angle from which to collect the IR
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signal increases since the acceptance angle is almost a constant in this range. In gen-
eral, these two opposite effects counteract each other to some degree. Therefore,
the efficiency has little change in the temperature interval between 64 ◦C and 67 ◦C.
The efficiency plunges significantly when the temperature is larger than 67 ◦C due
to phase mismatching. In addition, it is difficult to conclude that the collinear QPM
gives the maximal detection efficiency. The noise count rate is ∼ 1× 104/s.
3.3.2 Signal-to-Noise Ratio
SNR is commonly used to evaluate the performance of a detection system. It is nec-
essary to build a model for the SNR estimation when a UCD is used for IR detection.
For a telecom band IR detection, the USPDC process is the primary noise source,
and its power is roughly proportional to the square of the pump power. When the
USPDC noise dominates all other noise sources in excess of optical shot noise, the
SNR of the UCD can be derived from a similar analysis in [69]:
SNR =
Psωupηup
ωs
√
2Bh¯ωup(Psωupηup/ωs + PUSPDC)
, (3.2)
where ηup is the upconversion efficiency that can be calculated using equation 2.12.
The loss due to the reflection of mirrors is neglected. Ps is the power of the IR signal,
B is the detection bandwidth, h¯ is the reduced Plank’s constant, ω is the angular
frequency, PUSPDC is the average power of USPDC noise, which can be estimated as
PUSPDC = αP2p , α is a fitting parameter.
Based on equation 3.2, the SNR as a function of the input power of IR signal
can be calculated when the 1064 nm pump power is specified. The value of α is the
fitting result of the measured noise power in figure 3.8b. For comparison, the SNR
of an InGaAs APD (Thorlabs, APD110C) is also calculated.
FIGURE 3.10: SNR of the UCD and the InGaAs APD as a function of the IR power Ps.
The APD has a responsivity of 10 A/W, noise figure of 10 and noise equivalent power of
0.46 pW/
√
Hz. The bandwidth of detection here is assumed 10 kHz.
Figure 3.10 shows that the UCD has a better performance than the APD when
the IR signal power Ps < 1 nW. The SNR of the UCD can be improved by increasing
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the upconversion efficiency (i.e. increasing the pump power), but at the compromise
of a higher value of PUSPDC. Therefore, the SNR for a very weak signal (Ps < 0.1 pW)
detection cannot be further improved by simply increasing the pump power because
it reaches a point where the USPDC noise dominates the shot noise. In order to cir-
cumvent the USPDC noise and thereby improve the SNR further for weak IR signal
detection, strategies for noise reduction should be implemented.
In equation 3.2, only the effect of the upconversion process is considered. But
in the practical measurement, the SNR is also affected by the performance of the
detector that is used to measure the upconverted signal. Therefore, the formula for
the SNR varies with the properties of the specific detector used in the experiment. In
Chapter 5, a formula for the SNR calculation when a PMT is used will be presented.
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Chapter 4
Noise Properties of the
Upconversion Detector
This chapter provides both experimental and theoretical study on the noise proper-
ties of upconversion detectors. A frequency beat noise that originates from the pump
beam’s longitudinal mode beating will be discussed first. The principle of beat noise
and its effect on the frequency response of UCD will be explained in detail. Fur-
thermore, the 2nd generation UCD with the backbone of a ring laser is optimized to
possess the property of being free from beat noise, which provides a flat frequency
response over∼ 1.0 GHz bandwidth for IR detection. Secondly, the principle of noise
photon generation due to USPDC, SHG-SPDC, upconverted thermal radiation and
upconverted spontaneous Raman scattering process will be explicitly addressed. In
particular, experiments of noise measurement along with the theoretical model for
the noise calculation will be presented. In the last section of this chapter, a discov-
ery of the spatial (along with spectral) distribution of the USPDC noise photon and
its physical principle will be presented. According to this newly discovered phe-
nomena, a method for noise reduction based on spatial filtering is proposed, which
results in a 14 dB dark-count rate reduction for the UCD in a single-photon counting
measurement.
4.1 Frequency Beat Noise
Increasing the upconversion efficiency and lowering the background noise are the
two most important tasks for UCD development, and they were discussed repeat-
edly in the literature. Meanwhile, the discussion about the frequency response of
a UCD is relatively rare. However, a flat (or uniform) frequency response is also
an essential parameter for a UCD, especially when it is used for high-bandwidth
detection such as high-speed, free-space optical communications. In this section,
the frequency response of a UCD is discussed, and an experiment of measuring an
amplitude modulated IR signal over a wide bandwidth (up to frequencies in ex-
cess of 1 GHz) via the UCD is demonstrated. It is worth pointing out that the am-
plitude modulated IR signal is produced by combining beams from two 1547 nm
narrow-linewidth lasers in a fibre coupler while tuning their wavelength difference
down to 10 pm or less. The measured Fabry-Pérot spectrum of the UCD at 1064 nm
confirms the enhanced spectral stability from multiple to single longitudinal mode
pumping condition. The deleterious effects of using a multimode pump to the high-
bandwidth RF spectrum of the 630 nm are described analytically and demonstrated
experimentally. Moreover, after changing the PPLN crystal and replacing the IR cou-
pling mirror of the UCD, the output of a He-Ne laser at 3.39 µm is upconverted by
the UCD, the experimental result further prove that the GHz-bandwidth UCD can
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be extended to the MIR (2 ∼ 5 µm) range as an alternative to cooled low-bandgap
semiconductor detectors.
It is necessary to point out that most of the material present in this section (Sec-
tion 4.1) has already been discussed in paper [70] except for the experiment of up-
converting the 3.39 µm IR signal with multi and single longitudinal-mode pump.
4.1.1 Introduction
Based on the scheme of UCDs, they can be classified as either single-pass pumped
or cavity-enhanced. In single-pass type UCDs, both the IR signal and the pump
transmit through the nonlinear crystal only once. High-intensity single-pass (non-
resonant) pumping – therefore, high conversion efficiency – is usually achieved by
using a waveguide nonlinear crystal [18] wherein the upconversion process can be
strongly confined in a single spatial mode. A maximum internal conversion effi-
ciency exceeding 90% and an overall detection efficiency of 46% have been achieved
in a single-pass UCD for 1560 nm signal using a 50 mm PPLN waveguide and a
1064 nm pump with power in the order of 100 mW [71]. On the other hand, UCDs
with cavity enhancement achieve high pump intensities by incorporating a bulk
nonlinear crystal inside a resonant cavity, for example, inside an Nd:YVO4 laser res-
onator (i.e. intracavity UCDs) [19]. In this way, high circulating pump powers of
several tens (or hundreds of watts depending on pump beam waist size) allow for
the upconversion of the single-pass IR signal with the maximum possible conversion
efficiency. Pan and Zeng [19] have achieved an internal conversion efficiency of 74%
with 80.5 W of circulating pump. An internal conversion efficiency of 90% (overall
efficiency of 59%) has also been achieved for another UCD in which the 1064 nm
pump laser is external to the resonant cavity, at a circulating power of 23 W [72].
Intracavity UCDs relying on a linear Nd:YVO4 cavity have been observed to op-
erate in multilongitudinal pump modes [19]. It has been previously proposed that,
instead of a linear cavity, the use of a ring cavity with a non-reciprocal element (e.g.
an optical isolator) can force the 1064 nm pump to propagate unidirectionally [20,
21]. This results in a more spectrally stable pump since the spatial hole burning in
the Nd:YVO4 crystal is significantly suppressed. A higher maximum conversion ef-
ficiency and a lower standard deviation of the SFG output intensity was experimen-
tally observed for the ring cavity system than for the linear cavity [21]. However, no
sufficient data were presented in these previous studies to establish that the circu-
lating pump operated in a single longitudinal mode even with a ring cavity. In [20],
Pan et al. were unable to observe any significant effect to the SFG output even if the
ring cavity 1064 nm pump was made to run in an increased number of longitudinal
modes. This is likely due to their detector sampling rate being too low compared
to the pump beat frequencies. Pan and co-authors [20] also proposed a model to
describe the interaction between a quantum signal and the multimode pump, but it
failed to account for temporal fluctuations of the instantaneous pump intensity due
to the beating of the oscillating modes. This model was later amended in the work
of Pelc et al. [73] which demonstrated that a penalty of using a multimode pump
(versus single mode) is the reduction of the maximum achievable average conver-
sion efficiency. Pelc and co-authors used an unmodulated (or DC) IR signal and
only measured the RF spectrum of the unconverted part of this IR signal, which was
found to inherit the beat frequencies associated with the pump.
Here the investigation is extended to study the properties of a high-bandwidth
intracavity upconversion detector that uses a bulk PPLN inside a 1064 nm Nd:YVO4
unidirectional ring cavity – comparing single mode versus multilongitudinal mode
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operation. The UCD is described by a transfer function, which characterizes the ca-
pacity of the detector to transfer the fast modulation of the input IR signal, at a given
frequency, to the SFG output. In this study, the transfer function is examined over a
wide range of frequencies (up to GHz level) using FFT spectral analysis. This allows
us to characterize the performance of the UCD for high-speed, i.e. high-bandwidth,
detection applications. Simultaneous FFT analyses of the GHz-sampled instanta-
neous powers of the input IR signal, the SFG output, as well as the small 1064 nm
pump leakage through a cavity mirror allow us to quantitatively demonstrate the
UCD’s performance and how it is influenced by the pump operating in multilongi-
tudinal mode versus single mode. Furthermore, the optical spectrum of the 1064 nm
pump that leaks out of another cavity mirror is also monitored using a high-finesse
scanning Fabry-Pérot interferometer (FPI) to directly track the number of longitu-
dinal modes. The improved single longitudinal mode pump operation achieved
with a unidirectional ring cavity design enables the UCD to be useful over a wide
range of frequencies free from undesirable effects of the 1064 nm mode beating. In
other words, the SFG output has a Fourier spectrum that closely mimics that of the
original IR signal. Some applications of the GHz-bandwidth upconversion detector,
when extended to 2 ∼ 5 µm, are free-space optical communications [74, 75], pulse
laser temporal profiling (e.g. accurate rise-time and fall-time measurements) [76]
or modulation frequency response characterization [75] of MIR quantum-cascade
lasers and optical parametric oscillators, and IR heterodyne detection [77].
4.1.2 Theory
The upconversion efficiency η is normally considered as a constant in upconver-
sion detection if the average pump power is stable. Obviously, this is a good as-
sumption for the weak and low-bandwidth signal detection. But in the general case
(especially at sufficiently short temporal scales), η may fluctuate over time due to
variations in the instantaneous pump power Pp(t), for example, when the pump
is lasing with multilongitudinal modes. If the frequency components of the pump
fluctuation are comparable to the signal frequency, it will induce extra noise for the
detection and thereby degrade the SNR. Before applying the upconversion detector
for high-bandwidth IR signal detection, a model is developed to calculate the trans-
fer function of the UCD and investigate the effects of multimode pumping on the
spectrum of the SFG output.
Derivation of the Transfer Function of the High-bandwidth UCD
The physical model handling the high-bandwidth UCD is derived from equations
2.4. The amplitude of the interaction fields is a function of position z and time t.
More specific, an IR input signal field as(t) with frequency νs interacts with a strong
pump field ap(t)with frequency νp in a periodically poled nonlinear crystal of length
L. The upconversion process results in an SFG output field aup(t) with frequency
νup = νs + νp. The assumptions of plane-wave interaction and non-depletion of the
optical pump are assumed valid. Moreover, the interaction time of the three fields in
the crystal is assumed to be much shorter than the time scales associated with (i) the
pump power fluctuation [73], and (ii) the IR signal (and SFG output) modulation.
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The coupled equations for as(t) and aup(t) are given by:
∂as(z, t)
∂z
= −iκa∗p(t)aup(z, t)e−i∆kz (4.1a)
∂aup(z, t)
∂z
= −iκap(t)as(z, t)ei∆kz. (4.1b)
The phase mismatch of the SFG process ∆k is given by equation 2.17b. aj is a nor-
malized field such that |aj|2 gives the photon rate. The coupling coefficient κ:
κ = 2pie0de f fΘ
[
2hνsνupνpZ30/(nsnupnp)
]1/2
, (4.2)
where de f f is the PPLN’s effective nonlinear coefficient, nj is its refractive index, Θ
is the mode-overlap integral, h and Z0 =
√
µ0/e0 are the Planck constant and the
vacuum permittivity, respectively (where µ0 is the vacuum permeability).
If the QPM condition is fulfilled with ∆k = 0, the solutions to equations 4.1 take
the following form:
as(L, t) = as(0, t) cos
[
κ|ap(t)|L
]
+ aup(0, t) sin
[
κ|ap(t)|L
]
(4.3a)
aup(L, t) = −as(0, t) sin
[
κ|ap(t)|L
]
+ aup(0, t) cos
[
κ|ap(t)|L
]
. (4.3b)
For the case of IR signal detection, in which aup(0, t) = 0, the field amplitude of the
upconversion (SFG output) signal can be simplified as:
aup(L, t) = −as(0, t) sin
[
κ|ap(t)|L
]
. (4.4)
The time-dependent conversion efficiency can then be written as:
η(t) = |aup(L, t)|2/|as(0, t)|2 = sin2
[
κ|ap(t)|L
]
. (4.5)
Let the normalized frequency spectra of the photon rates |as(0, t)|2 and |aup(L, t)|2
be:
N˜s = b1F{|as(0, t)|2} (4.6a)
N˜up = b2F{|aup(0, t)|2}, (4.6b)
whereF{} denotes the Fourier transform, and b1 and b2 are constants upon normal-
ization of the spectra by their respective zero-frequency components. In this study,
the detector system is described by a normalized transfer function H˜( f ) such that:
N˜up( f ) = H˜( f )N˜s( f ). (4.7)
Combining equations 4.5 to 4.7, the modulus of the transfer function is:
|H˜( f )| = |bF{|as(0, t)|
2}~F{η(t)}|
|F{|aup(0, t)|2}| , (4.8)
where ~ is the convolution operator and b is a constant such that |H(0)| = 1.
When the UCD is pumped with a single longitudinal mode laser, ap(t) is essen-
tially constant, and so is η(t), for temporal scales greater than or equal to the inverse
of the detector bandwidth. If η is independent of time, then |H˜( f )| is unity within
the detector bandwidth. However, when the pump operates in multilongitudinal
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mode, its instantaneous power Pp will fluctuate leading to a more complicated fre-
quency response of the UCD.
The Case of Two Longitudinal Pump Modes
For the case of two-mode pumping, the instantaneous pump power is no longer
constant:
Pp(t) = Pave
[
1+ α cos(2pi∆ f t + φ)
]
, (4.9)
where Pave = hνp < |ap(t)| >2 is the average pump power, α is the contrast of the
sinusoidal power variation due to mode-beating, ∆ f is the mode frequency spacing,
and φ is an arbitrary phase. From equations 4.5 and 4.9, η(t) can be expressed (for
the two-mode case) as:
η(t) = sin2
[
pi/2
√
Pave/Pmax[1+ α cos(2pi∆ f tϕ)]
]
, (4.10)
where Pmax = pi2hνp/(4κ2L2). Examples of instantaneous pump power fluctuations
are shown in figure 4.1a. The corresponding conversion efficiency η(t) and the mag-
nitude of its spectrumF{η(t)} are shown in figure 4.1b and figure 4.1c, respectively.
Figure 4.1c reveals that the spectrum of η for the dual mode case may have several
frequency components at f = m∆ f (m = 0, 1, 2, . . . ) and not only limited to compo-
nents at f = 0 and f = ∆ f .
The red curve in figure 4.1 shows the case of Pave = Pmax and unity contrast. It
is characterized by the presence of strong higher order peaks in its conversion effi-
ciency Fourier spectrum. The green curve is also for α = 1 but lower Pave = 0.25Pmax.
The blue curve is for α = 0.05 and Pave = 0.25Pmax, which corresponds to ηave = 50%
or close to the operating point in the experiment. Apparently, the non-zero fre-
quency components become weaker with decreasing α (with α = 0 resulting in the
single mode case). The black curve simulates the case of α = 0.5 and a relatively
low average conversion efficiency obtained at Pave = 0.009Pmax, i.e. ηave = 20% , like
those obtained with the upconversion system described in a previous work [33]. It
shows that the component at f = 2∆ f is 17 dB lower than the component at f = ∆ f .
This implies that higher order effects or frequency components larger than ∆ f are
also reduced when operating at relatively low average conversion efficiency.
4.1.3 Experimental Setup
In order to achieve high-bandwidth IR signal detection with frequency upconver-
sion, a unidirectional ring cavity configuration is chosen for the UCD. In compari-
son to the linear cavity, the unidirectional ring cavity design is more capable of stable
lasing at a single longitudinal mode due to the inhibition of spatial hole burning [21,
78]. The schematic diagram of the UCD is shown in figure 4.2a.
The design of the UCD has been introduced in Chapter 3, its details can be found
on page 27. But it is necessary to specify that a 25-mm long bulk PPLN with a poling
period Λ = 11.73 µm is used here (placed between M3 and M4), and its temperature
is kept at T = 58 ◦C to maximize the conversion efficiency.
Figure 4.2b shows the schematic diagram of the modulated IR signal gener-
ator. Two identical fibre-coupled narrow-linewidth laser diodes (LD1 and LD2)
with a central wavelength around 1547 nm are combined through a polarization-
maintaining fibre splitter/combiner (50:50 split ratio). One fibre coupler output is
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(a)
(b)
(c)
FIGURE 4.1: (a) Instantaneous pump power Pp (normalized by Pmax) versus time (normal-
ized by the inverse of the mode frequency spacing ∆ f ) for four different combinations of
average pump power and contrast that describe the beating of two pump axial modes, (b)
corresponding instantaneous conversion efficiency given by equation 4.10, and (c) magni-
tude of the FFT of conversion efficiency curves shown in (b).
used to monitor the IR signal directly with a fast detector and/or connected to an
optical spectrum analyzer (OSA) for coarse-tuning of the wavelength difference. The
other output serves as the IR signal of the UCD in figure 4.2a. The modulation fre-
quency fM (proportional to the wavelength difference of LD1 and LD2) can vary
from near-zero to∼ 1.0 GHz, with a stability of a few MHz, by tuning either the tem-
perature or the drive current of the two laser diodes. The interferometric contrast is
also maximized by balancing the output power of the two lasers. To minimize both
insertion loss and optical feedback, polarization controllers (PC1 and PC2) and fibre
isolators (ISO1 and ISO2) are attached to the laser diodes. This setup is also able to
create challenging modulation frequencies extending to 10 – 100 GHz, relevant for
high-speed communications.
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(a) (b)
FIGURE 4.2: (a) High-bandwidth IR UCD based on a unidirectional ring cavity and (b) mod-
ulated signal generator with a central wavelength of 1547 nm and modulation frequency
tuning up to GHz.
4.1.4 Results
During the experiment, the 808 nm laser diode is set at an output of 6.5 W, which
can maintain a 1064 nm intracavity circulating pump power of 147 W. The average
power of the 1547 nm signal used is 2.1 mW and the resulting average power of the
630 nm SFG signal coming out of the UCD is 2.17 mW. Considering 80% total trans-
mission at 630 nm through M4 and a bandpass filter, the average internal conversion
efficiency ηave = 52.7%. The cavity alignment has been optimized to achieve a single
transverse mode profile for the 1064 nm pump with a relatively high 147 W pump
power operating point. At some other pump power values, the 1064 nm pump tends
to operate at multiple transverse modes – making it difficult to reliably measure the
dependence of the conversion efficiency on pump power.
The number of longitudinal modes of the 1064 nm pump is monitored with a
scanning Fabry-Pérot interferometer (FPI). The FPI spectra are shown in figure 4.3
(a) (b)
FIGURE 4.3: Scanning FPI spectrum of the 1064 nm pump in (a) multiple and (b) single
longitudinal mode operation. The spectra are stable for durations longer than the typical
measurement time.
for the case of multiple and single longitudinal mode lasing. The UCD can be opti-
mized for single frequency pump operation by aligning the cavity mirrors and the
rotational position of the HWP.
To evaluate the performance of the UCD, the 1547 nm signal and the 1064 nm
pump are measured with two InGaAs detectors (Thorlabs DET08CFC/M and DET08CL/M),
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the 630 nm SFG signal is measured with a Si detector (Thorlabs DET025AFC/M).
All three detectors have bandwidths exceeding 2 GHz. Output voltages of the de-
tectors are simultaneously monitored by an oscilloscope (LeCroy 104MXs-B, 3-dB
bandwidth = 1 GHz).
The Fourier spectra of the photon rates (or power) of all three interacting waves
are obtained by taking the FFT of their respective detector signals which are sampled
by the oscilloscope at 5 GS/s for 5 µs. Figures 4.4a to 4.4f compare the magnitude of
all normalized spectra when the pump operates in multimode and single longitudi-
nal mode. Figure 4.4c shows that when the 1064 nm pump runs in multilongitudinal
mode (for example, when M3 is slightly misaligned and/or the HWP is at a subop-
timal position that degrades optical isolation), it exhibits several beat frequencies at
f = m∆ f (for m = 1, 2, 3,. . . ), where ∆ f = 603.6 MHz. The free spectral range (FSR)
of the ring cavity is given by:
FSR = c/∑
i
nili, (4.11)
where ni and li are the refractive index and the length of the ith medium along the
path of the pump in a round-trip. According to equation 4.11, the calculated FSR of
the cavity is 616± 25 MHz, which is in good agreement with the observed ∆ f . It val-
idates that the multilongitudinal mode lasing is the main reason for the fluctuation
of the 1064 nm pump power shown in figure 4.4c.
FIGURE 4.4: Modulus of the FFT spectra of simultaneously detected powers of (a), (b) the
1547 nm signal, (c), (d) the 1064 nm pump, and (e), (f) the 630 nm SFG output for (a), (c), (e)
multimode and (b), (d), (f) single longitudinal mode pump operation. Each inset shows a
time series of the detected instantaneous power (i.e. InGaAs or Si detector voltage) for the
respective wavelength. Each FFT spectrum is normalized by their zero-frequency compo-
nent.
By analyzing figure 4.4e in detail, it turned out that the peaks in the 630 nm
spectrum can be separated into different groups based on their frequency spacing.
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For the convenience of further discussion, these groups are named as follows: the
fundamental group has only one peak at frequency f = fM = 88.4 MHz which
corresponds to the original signal shown in figure 4.4a; the secondary group contains
three peaks with f = ∆ f and f = ∆ f ± fM; the tertiary group also contains three
peaks with f = 2∆ f and f = 2∆ f ± fM. Even higher order peak groups well beyond
the 1 GHz bandwidth of the oscilloscope are observed but highly attenuated and
thus ignored in the analysis. In contrast, figure 4.4f shows no additional spurious
peaks for the spectrum of the SFG signal, i.e. only the original signal at f = fM =
116.2 MHz shown in figure 4.4b is reproduced when the pump runs in single mode.
As presented in theory, the 630 nm SFG Fourier spectrum can be calculated from
the convolution of the FFT of the 1547 nm signal with the FFT of the conversion
efficiency, which is revealed by equation 4.7. Alternatively, the appearance of the
additional peaks in 4.4e can be explained in the following manner: it is perhaps
obvious that the frequency sum ∆ f + fM and difference ∆ f − fM give rise to the
side peaks of the secondary peak group. But the reason for the tertiary group is
more complex. Figure 4.3a clearly shows that the 1064 nm pump has more than two
oscillating modes. The beating of the two closest side-modes, one to the left and the
other to the right of the strongest mode, gives rise to the frequency component at
f = 2∆ f , which is also confirmed by figure 4.4c. Similarly, the frequency sum 2∆ f +
fM and difference 2∆ f − fM contribute to the tertiary peak group. Additionally,
the higher order frequency response of the detector (∆ f → 2∆ f ), see for example
figure 4.1c, may also contribute to the tertiary group. In other words, it is possible to
observe the tertiary group even if there are only two longitudinal pump modes with
mode spacing ∆ f .
The blue curve in figure 4.1c uses the parameters α = 0.05 and Pave = 0.25Pmax,
which are similar to those in the experimental result for the case of multimode pump
operation (the amplitude of the peak at f = ∆ f in 4.4c is –12.91 dB). This curve
simulates the effect of higher order frequency response due to the beating of only
two adjacent longitudinal modes. The simulation shows that the amplitude ratio
between the peaks at f = ∆ f and f = 2∆ f is 21 dB, which is quite larger than the
measured amplitude ratio of 7 dB between the corresponding secondary and tertiary
peaks shown in 4.4e. The measured ratio would be even smaller had the oscilloscope
bandwidth been large enough to accommodate the tertiary group. Therefore, it is
concluded that the tertiary group of peaks is predominantly due to the beating of
non-adjacent pump modes (separated by 2∆ f ) instead of the higher order (∆ f →
2∆ f ) frequency response due to the adjacent pump mode beating.
In the following experiment, the transfer function of the upconversion detector
with single mode pump is studied by tuning the modulation frequency fM. During
the measurement, the 1064 nm pump power remains constant and so does the con-
version efficiency. The normalized FFT spectra of the 1547 nm signal and the 630 nm
SFG output signal power are monitored simultaneously. Figures 4.5a to 4.5c show
the modulus of the two spectra for different fM values. Figure 4.5d is the measured
modulus of the normalized transfer function |H˜( f )| of the upconversion detector
which is relatively flat in the range of 0 to 1 GHz.
The theoretical model of the single axial mode pumped UCD implies that the IR
detector has the ability to measure the signal with an unlimited bandwidth (or more
precisely, limited only by the fast Si based detector that detects the SFG output).
Figure 4.5d empirically proves that the modulus of the normalized transfer function
is flat with less than ± 0.5 dB deviation from unity within DC to ∼ 1 GHz. No
further measurement is done due to the bandwidth limitation of the oscilloscope. If
an electronic spectrum analyzer with several GHz of bandwidth is used, the effective
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(a) (b)
(c) (d)
FIGURE 4.5: Magnitude of the normalized FFT spectra of the 1547 nm input signal and the
630 nm SFG output power for single frequency pump operation and for signal modulation
frequency of (a) 611.8 MHz, (b) 954.4 MHz, and (c) 1.19 GHz, and (d) the measured normal-
ized transfer function of the GHz-bandwidth upconversion detector.
detection bandwidth of the UCD can instead become limited by the bandwidth of
the Si detector for the SFG signal. In the experiment, the oscilloscope limits the
ability to accurately assess the transfer function of the UCD above 1 GHz.
In order to further test the frequency response of the UCD when it works in
the MIR region, the source of the 1547 nm IR signal in figure 4.2a is replaced by
a He-Ne laser at 3.39 µm (Model R-32172, Newport). Moreover, M4 (the IR signal
coupler) mirror made of BK7 is replaced by a YAG one, which has significantly lower
absorption at 3.39 µm. Another 20-mm long PPLN crystal with a poling period of
Λ = 22.5 µm is used here. The maximum SFG (810 nm) output power is obtained
when the temperature of the PPLN crystal is kept at 70.0 ◦C.
Following the same procedures of data processing as the experiment of measur-
ing the 1547 nm IR signal, the 1064 nm pump power and the upconverted power
are measured with the InGaAs and the Si based detectors, respectively. The left col-
umn of figure 4.6 shows the magnitude of normalized spectra when the 1064 nm
pump operates with multilongitudinal modes, and the right column corresponds
to the singlelongitudinal mode operation. The spectra of the IR signal (3.39 µm) is
not included in figure 4.6 due to the lack of fast direct detector working in the MIR
region. Similar to figure 4.4c, figure 4.6a also shows several beat frequencies of the
pump with a frequency difference of ∆ f = 603.6 MHz. The first and the secondary
peak are marked by red and green colour, respectively. Figure 4.6d is the spectra
of the upconverted signal when the pump operates with single longitudinal mode,
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FIGURE 4.6: Modulus of the FFT spectra of simultaneously detected powers of (a), (b) the
1064 nm pump, and (c), (d) the 810 nm SFG output for (a), (c) multimode and (b), (d) single
longitudinal mode pump operation. Each inset shows a time series of the detected instan-
taneous power (i.e. InGaAs or Si detector voltage) for the respective wavelength. Each FFT
spectrum is normalized by their zero-frequency component.
and it is suspected that the peaks in the figure are due to the frequency beat between
the different longitudinal modes inherent in the He-Ne laser. The highest peak at
f = 0.3 GHz corresponds to the FSR of the He-Ne laser cavity (consistent with
the manufacturer specified mode spacing of 316 MHz). When the UCD is in the
multilongitudinal-mode operation, the spectra of the upconverted signal becomes
more complicated, but the peaks can still be separated following the same princi-
ple as analyzing the peaks in figure 4.4e. The first ( fp, fp ± fs) and the secondary
( fp, 2 fp ± fs) group of peaks are marked with red and green colour, respectively.
4.1.5 Discussion and Conclusion
To achieve optimal conversion efficiency with an upconversion detector, high-power
pump lasers are usually employed. Since high-power pump sources tend to operate
in multilongitudinal mode, Pan et al. [20] previously investigated theoretically and
experimentally whether or not the quantum feature of incident signal photons is al-
tered in the corresponding SFG photons when a multimode pumped UCD is used.
Theoretically, they assumed that the total pump intensity is given by the incoherent
sum of the individual mode intensities. This model failed to capture the temporal
fluctuations of the pump intensity caused by the beating of the modes, which was
shown in a later work by Pelc et al. [73] to be correctly described by a coherent sum
(i.e. summing the fields of the modes first before taking the squared modulus). The
first study into the effects of multimode pumping in a UCD initiated by Pan et al.
also provided experimental results illustrating the intensity stability of the SFG out-
put at high power levels of the pump in multimode operation. The implications of
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the beating of the pump modes were not revealed by their SFG intensity time-series
(neither by its spectrum had it been shown). It is possible due to the fact that their
SFG output was detected by a Si single-photon counting module, which typically
has a limited photon count rate of about 10 MHz (i.e. single-photon counting UCD
bandwidth is well below the expected pump beat frequencies).
One can consider the results presented in this section as an extension of the study
done by Pelc et al. [73]. However, investigations shown here differ from theirs in a
number of aspects. Their model and experiments were expanded to accommodate
for amplitude modulated IR signals at modulation frequencies covering GHz-wide
dynamic range. In the previous work, only a constant (or DC) IR signal was con-
sidered. Furthermore, the instantaneous power of the 1547 nm signal, the 1064 nm
pump, and the 630 nm SFG output (and for different 1547 nm signal modulation
frequencies in either single or multilongitudinal pump mode operation) were mon-
itored simultaneously. Pelc et al. only monitored their residual (1.55 µm) IR signal
power, which they analysed in terms of its RF spectrum. Using a DC 1.55 µm signal,
they only showed experimentally that the mode beating of the pump is manifested
in the spectrum of the residual IR signal. In this work, the RF spectra of all three in-
teracting waves were measured simultaneously, as shown in figure 4.4, demonstrat-
ing explicitly that the SFG output inherits the spectral peaks of the pump (caused
by the beating of its modes) convolved with the spectrum of the IR signal. A further
confirmation of the single or multimode operation of the 1064 nm pump was also
performed by sending it through a scanning FPI for high-resolution spectral analy-
sis that allows us to determine the actual number of longitudinal modes present. In
the previous work, no direct measurement of the number of pump modes was per-
formed. Instead, the authors estimated the number of modes from the ratio of their
pump laser spectral linewidth (measured by an OSA) and the FSR of the laser res-
onator. In the present study (due to the ability to achieve single longitudinal pump
mode operation), it is confirmed that the UCD has a uniform frequency response in
a bandwidth as high as 1 GHz, as shown in figure 4.5 - in agreement with the the-
oretical model. In Pelc et al., the UCD was a single-pass type which used a PPLN
waveguide and a fibre laser emitting a 1.94 µm pump with about 300 oscillating
modes.
The theoretical model provides a good description of the performance of the uni-
directional ring-cavity based UCD operating in either single frequency or multilon-
gitudinal mode operation. However, it is necessary to emphasize that the model,
particularly for the multimode case, can be applied to other types of upconversion
detectors like those based on linear cavity [19] or single-pass systems [73] as long
as the instantaneous pump power fluctuation and its influence on the upconversion
efficiency are accounted for.
Fluctuations of the pump power in a linear cavity can be neglected if its beat
frequency is larger than the bandwidth of the RF signal. Theoretically, the beat fre-
quency ∆ f is set by the cavity length. However, the maximum ∆ f is limited by
the shortest cavity length that can be implemented in practice. For example, if the
bandwidth of the RF signal is 10 GHz, the cavity length should not exceed 15 mm,
which is unrealistic for linear intracavity UCDs. Furthermore, the maximum av-
erage conversion efficiency near unity is only possible when a single longitudinal
mode pumping is used [73]. The ring cavity UCD that has the potential for stable
single frequency pump operation is, therefore, a better choice for high-bandwidth
IR signal detection.
The implementation of an intracavity upconversion detection of sinusoidally
modulated IR signals at 1547 nm with modulation frequencies as high as 1 GHz was
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presented in this work. A unidirectional Nd:YVO4 ring cavity was employed to pro-
duce 1064 nm circulating pump powers reaching 150 W. Using a theoretical model,
the UCD’s ability to transfer the sinusoidal intensity variation from the IR signal
to the SFG output at 630 nm is shown, with equally high fidelity at any modula-
tion frequency is made possible by operating the pump in single longitudinal mode.
Theoretical/numerical predictions also showed that for multimode pump operation,
spurious noise spikes in the RF spectrum of the SFG output will appear due to a
convolution of the spectral features of the conversion efficiency (due to the beating
pump) with that of the IR signal. These noise peaks in the SFG output spectrum ulti-
mately degrades the upconversion detector’s SNR particularly for signal frequencies
located near the noise peaks. Furthermore, multimode pump operation results in
unwanted higher order replicas of the signal, which create ambiguities and thereby
limit the effective bandwidth of the UCD. Experimentally, it is demonstrated that the
GHz-bandwidth UCD running in single frequency pump operation has a uniform
frequency response over a wide range of modulation frequencies (0 ∼ 1 GHz). The
average internal conversion efficiency achieved by the presented UCD was 52.7%
(or an overall detection efficiency of about 40%) at a pump power of 147 W. Like Si
based detectors, fast InGaAs detectors with bandwidths of several GHz are available
and can be used for telecom wavelengths. Moreover, it was also demonstrated that
this GHz-UCD can easily be extended to the MIR region (2∼ 5 µm) by implementing
minor changes to the PPLN period (i.e. change to Λ > 20 µm) and the surface coat-
ings of the ring cavity optical components [33, 79]. The experiment of measuring the
0.3 GHz beat frequency due to inherent longitudinal modes of a He-Ne laser oper-
ating at 3.39 µm confirmed that this UCD is capable of high-bandwidth detection in
the MIR range. Such MIR GHz-UCD may serve as a better alternative to liquid-N2
cooled HgCdTe photodetectors, not only for the elimination of cumbersome cool-
ing requirements but also for significant enhancements in SNR. This variant of the
high-bandwidth UCD may find great potential in MIR related applications in wire-
less optical communications, heterodyne detection, and laser (e.g. QCL and OPO)
characterization [74–77].
4.2 Noise from the Parametric Process
As mentioned in Chapter 2, a high-intensity pump field inside the UCD usually
leads to some unintended parametric processes, especially when a PPLN crystal is
used as the χ(2) material. Unlike that in the unpoled bulk nonlinear crystal, the RDC
error in the PPLN crystal results in a pedestal effect [23], which can enhance the
non-phase-matched parametric processes, such as SPDC and SHG processes. When
the new designed 2nd generation UCD works in normal conditions, the typical 1064
nm pump power is larger than 100 W, and the parametric processes induced by that
usually results in a significant amount of noise photon, which affects the overall
detectivity (or the NEP) of the UCD.
Four kinds of the noise source (USPDC, SHG-SPDC, upconverted thermal ra-
diation and upconverted spontaneous Raman scattering) are investigated experi-
mentally and theoretically in this Ph.D. project. In this section, the first three noise
sources (USPDC, SHG-SPDC and the upconverted thermal radiation) will be dis-
cussed in detail because these three terms are the primary noise sources for the
short-wavelength-pumped UCD. However, instead of using the intracavity-pumped
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UCD (introduced in Chapter 3) to investigate these noise sources directly, a single-
pass upconversion system pumped by a high-power 1064 nm Yb-fibre laser is em-
ployed instead. The reasons for using a single-pass system are: 1) the laser crys-
tal (Nd:YVO4) in the intracavity-pumped UCD is optically pumped by an 808 nm
laser diode. Hence the fluorescence generated during the lasing cannot be distin-
guished from the noise sources of interest directly. 2) The thermal lensing effect of
the laser crystal degrades the transverse profile and changes the beam size of the
pump (1064 nm) inside the PPLN crystal. 3) The 1064 nm pump power of the UCD
cannot be tuned continuously. In contrast, the structure of the single-pass upconver-
sion system is simple, and the pump power can be easily controlled by adjusting the
output power of the Yb-fibre laser directly with no effect on the other experimental
parameters.
The setup for the single-pass upconversion system is built in ICFO, Barcelona,
Spain. The experiment is the collaboration with Anuja Padhye from ICFO, she is
also a Ph.D. student working in the Mid-TECH project.
4.2.1 Introduction
As a new-concept IR detector, the upconversion detector stands out because of its
low background noise at the room-temperature working conditions. However, dur-
ing the process of upconversion (transfer the information contained by the IR signal
to the VIS/NIR spectral range), it is also affected by some unique noise sources due
to the unintended parametric processes, which decreases the detectivity of the UCD
eventually. The physical principle for these noise sources (USPDC [13, 23, 24], up-
converted thermal radiation [41] and upconverted SRS [25, 80]) have been reported
in the literature before, but from the perspective of UCDs, the effects caused by these
noise sources should be summarized in order to evaluate the performance of an UCD
in general. This section provides an overview of the noise properties of the UCD.
The unexpected noise was first reported by Midwinter et al. [7] when the up-
conversion was used for IR detection in the 1960s. The authors suspected that the
USPDC process would be the potential noise source, which was confirmed by Tang
theoretically with the QED theory afterwards [13]. With the invention of periodical
poling technology, the PPLN based UCD started being reported [18] in the past two
decades. Some short-wavelength-pumped UCDs achieved high upconversion effi-
ciency, but also showed a relatively large dark-count rate (>1× 105/s). Pelc et al.
analyzed the pedestal effect on the upconversion efficiency and the noise spectrum
[23, 24]. As another noise source, the upconverted thermal radiation cannot be ig-
nored when the IR signal is in the MIR (2 ∼ 5 µm) range, which was confirmed by
Barh et al. experimentally [41]. It is also worth pointing out that a new noise source,
the SHG-SPDC process, is identified in this Ph.D. project for the first time, and this
noise source can be one of the primary noise source for an UCD potentially.
The basic principles of these noise sources are different from each other. Thus,
their relative intensities have different dependencies on the working conditions. In
this section, the noise power due to the USPDC, SHG-SPDC and the upconverted
thermal radiation is investigated both theoretically and experimentally. It is believed
that the models here can provide guidance for the calculation of the NEP (or the
DCR) of an UCD, and these models can also be used to estimate the performance of
an UCD during the designing process.
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4.2.2 Theory
The theoretical models for USPDC, SHG-SPDC and the upconverted thermal noise
processes will be introduced separately here. All these models are built on top of the
theory and assumptions (page 12) that have been discussed in Chapter 2. For the
convenience of further discussion, the following input parameters shared by those
models are summarized in table 4.1.
Optical Pump PPLN crystal
Parameters Pump power Beam waist Wavelength Crystal Length Poling period RDC error Temperature
Symbol Pp ω0 λp L Λ σ T
TABLE 4.1: Input parameters used in the theoretical models for the
noise calculation.
USPDC Noise
When a short-wavelength pump is used in a UCD, the USPDC noise becomes one of
the primary noise sources which cannot be removed using spectral filters due to the
small spectral separation between the USPDC noise and the upconverted signal. The
Feynman diagram of the USPDC process is shown in figure 1.4b. The corresponding
spectral diagram and k-vectors are shown in figure 4.7.
To simplify the problem, the USPDC process is split into two steps: SPDC and
upconversion. The SPDC process is very weak since it is usually non-phase matched.
(a) (b)
FIGURE 4.7: (a) Spectral diagram and (b) k-vectors for the USPDC process in the PPLN
crystal of an upconversion detector.
Therefore, the effect (e.g. depletion) caused by the SPDC process on the high-intensity
pump field is neglected. Starting from equation 10 in [81], the intensity of SPDC at
position z has the following form:
Is(z) =
h¯ω2sωid2e f f Ipz
pi3ε0c3nsninp
dKsdωs|
∫
z
dz′g(z′)exp(i∆kdz′)|2, (4.12)
where Ks is the transverse component of the k vector of the IR signal, which can
be calculated by Ks = ksφnˆ and ∆kd = kp − ks − ki. Substituting equation 3.1 into
equation 4.12 gives:
Is(z) =
2h¯ω2sωid2e f f Ipz
pi3ε0c3nsninp∆k2dΛ
[1− exp(−∆k2dσ2z )]dKsdωs. (4.13)
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Equation 4.13 shows that the intensity of SPDC noise increases linearly with the
propagation distance. Therefore,
dIs =
2h¯ω2sωid2e f f Ip
pi3ε0c3nsninp∆k2dΛ
[1− exp(−∆k2dσ2z )]dKsdωsdz. (4.14)
FIGURE 4.8: The USPDC process is split into two steps: the photon generated in the slab of
dz due to the SPDC process is upconverted when it passes through the rest of the nonlinear
crystal.
As shown by figure 4.8, the SPDC noise dIs generated at position z will be upcon-
verted when it goes through the remaining part of the crystal. Thus:
dIup(z) =
ωup
ωs
dIsηL−z(φ,λs) (4.15a)
=
2h¯ωupωsωid2e f f Ip
pi3ε0c3nsninp∆k2dΛ
[1− exp(−∆k2dσ2z )]ηL−z(φ,λs)dKsdωsdz, (4.15b)
where ηL−z(φ,λs) is the upconversion efficiency as a function of λs and φ. Con-
sidering that only the IR photon fulfilling the QPM condition can be upconverted
efficiently, λs and φ can be treated as dependent. Therefore, ηL−z can be approxi-
mated as:
ηL−z(φ,λs) = ηL−z(φ)δ(∆kup − 2pi/Λ = 0) (4.16a)
= sin2(
√
Pp
Pmax(Le f f )
pi
2
)δ(∆kup − 2pi/Λ = 0), (4.16b)
where Pmax(Le f f ) is given by equations 2.11, where L is replaced by Le f f [82]:
Le f f =
{
L− z, φ < tan−1(2ω0/(L− z))
2ω0/ tan(φ), φ ≥ tan−1(2ω0/(L− z)).
(4.17)
substituting equations 4.16 into equations 4.15 gives:
Iup =
2h¯ωupωsωid2e f f Ipk
2
s
pi3ε0c3nsninp∆k2dΛ
[1− exp(−∆k2dσ2z )]
·
∫
L
∫
Ω(Le f f ,φ)
sin2(
√
Pp
Pmax(Le f f )
pi
2
)∆ωs(Le f f , φ)dΩdz,
(4.18)
where ωs(Le f f , φ) and Ω(Le f f , φ) are the acceptance bandwidth and the acceptance
solid angle of the upconversion, respectively. Equation 4.18 can be used for the
calculation of the USPDC noise.
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SHG-SPDC Noise
Similar to the USPDC process, the SHG-SPDC is also a two-step parametric process.
It can be a noise source for the short-wavelength-pumped UCD potentially. Its Feyn-
man diagram is shown in figure 2.10b. Figure 4.9a and 4.9b represent the spectral
diagram and the k-vectors of the SHG-SPDC process, respectively.
(a) (b)
FIGURE 4.9: (a) Spectral diagram and (b) k-vectors for the SHG-SPDC process in the PPLN
crystal of a UCD.
As the first step of SHG-SPDC, the SHG process is non-phase matched, so its
intensity is a few orders of magnitude lower than that of the pump field. In the ex-
periment, the typical power level of SHG is ∼ 100 µW when a 25-mm long PPLN
is pumped by a ∼ 100 W 1064 nm laser. In contrast, as the second step, the SPDC
process is quasi-phase-matched. Therefore, the wavelength of the SPDC photon is
decided by the QPM condition, and it is different from that of the upconverted sig-
nal in general. Note that the effect of SPDC process on the SHG field can still be
neglected since the efficiency of SPDC is very low due to the low intensity of the
SHG field, even though the SPDC process here is quasi-phase-matched.
Starting for equation 2.7.11 in [46]:
dESHG
dz
= KSHGg(z)e−i∆kSHGz, (4.19a)
where
KSHG =
iωSHGde f f
nSHGc
|Ep|2. (4.19b)
The intensity of the SHG at position z is:
ISHG(z) = 2nSHGc0|ESHG|2 (4.20a)
= 2nSHGc0|KSHG|2|
∫ z
0
g(z′) exp(i∆kSHGz′)dz′|2 (4.20b)
=
ω2SHGd
2
e f f
2nSHGn2pc30
I2P|g˜(∆kSHG)|2 (4.20c)
=
ω2SHGd
2
e f f z
nSHGn2pc30∆k2SHGΛ
I2P[1− exp(−∆k2SHGσ2z )]. (4.20d)
Apparently, the intensity of the SHG increases linearly with z. Therefore, the
field amplitude of SHG can be assumed as:
ESHG(z) = α
√
z, (4.21a)
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where
α2 =
ω2SHGd
2
e f f
2n2SHGn2pc4e
2
0∆k
2
SHGΛ
I2P[1− exp(−∆k2SHGσ2z )]. (4.21b)
The SPDC process pumped by the SHG field fulfils the QPM condition. Therefore,
equations 2.5 become:
dE′s
dz
=
2iω′sde f f
n′sc
ESHG(z)E′∗i (4.22a)
dE′i
dz
=
2iω′ide f f
n′ic
ESHG(z)E′∗s , (4.22b)
where E′s and E′i represent the signal and the idler fields, respectively. The symbol
′
here is to distinguish it from the SPDC process in the USPDC process.
Based on equations 4.21 and 4.22, E′s(z) has the following form:
dE′s
2
d2z
=
1
2z
dE′s
dz
+ γzE′s, (4.23a)
where
γ =
4ω′sω′id
2
e f f
n′sn′ic2
|α|2. (4.23b)
Equation 4.23a has a general solution as:
E′s(z) = C1 sinh(
2
3
√
γz
3
2 ) + C2 cosh(
2
3
√
γz
3
2 ). (4.24)
Considering the system has the following initial conditions:
I′s(0) = 0 (4.25a)
I′i (0) = Ii0, (4.25b)
where Ii0 is given by equation 2.7. I′s can be solved as:
I′s(z) =
ω′sω′i
2n′i
2h¯ψ
4pi2c2
sinh2(
2
3
√
γz
3
2 )dω′idψ. (4.26)
Equation 4.26 is used for the SHG-SPDC calculation.
Upconverted Thermal Radiation
When the UCD works in the MIR (3 ∼ 5 µm) region, the upconverted thermal radi-
ation becomes the primary noise source [41]. In order to calculate its corresponding
noise contribution, the crystal is treated as a thermal radiation source, its spectral
radiance with one polarization state is [83]:
dIThermal =
αcrystalc2hn2s dzdλsdΩ
λ5s
1
exp(hc/λskBT)− 1, (4.27)
where αcrystal is the absorption coefficient for the nonlinear crystal, dΩ is the solid
angle from which to collect the dIThermal . Following the same strategy for the USPDC
4.2. Noise from the Parametric Process 55
calculation as shown in figure 4.8,the upconverted thermal noise is:
dIupThermal =
ωup
ωs
dIThermal(z)ηL−z(φ,λs) (4.28a)
=
ωupαcrystalchn2s
2piλ4s
1
exp(hc/λskBT)− 1ηL−z(φ,λs)dzdλsdΩ. (4.28b)
Thus,
IupThermal =
ωupαcrystalchn2s
2piλ4s
1
exp(hc/λskBT)− 1
·
∫
L
∫
Ω(Le f f ,φ)
sin2(
√
Pp
Pmax(Le f f )
pi
2
)∆λs(Le f f , φ)dΩdz.
(4.29)
4.2.3 Experimental Setup
A single-pass upconversion system is built in order to analyze the noise generation
process in the short-wavelength-pumped UCD experimentally. Figure 4.10 shows
the experimental setup. A single-frequency, CW Yb-fibre laser (YLR-30-1064-LP-SF,
FIGURE 4.10: Single-pass, short-wavelength-pumped UCD for the noise investigation.
IPG Photonics) with a maximum output power of 30 W is used as the 1064 nm pump
for the upconversion. The collimated 1064 nm beam out of the fibre laser is focused
by a lens (L1, f = 200 mm) into a PPLN crystal with a beam diameter of 2ω0 =
95 µm. Afterwards, the 1064 nm pump beam is reflected by M1 and monitored by
a power meter. Meanwhile, the noise photon passes through M1 partially and is
converted into the p-polarization state with respect to the working surface of the
prism by a periscope (M2, M3). On the image plane of L2, an iris is used to filter out
the remaining 1064 nm pump and the 532 nm SHG. A bandpass filter is placed before
an EM-CCD camera, which is used to measure the amount of noise photon. In order
to use the full dynamic range of the camera, the integration time is selected from
3 sec to 1 min according to the intensity of the noise. The PPLN crystal is mounted
into a PPLN oven with the ability of temperature tuning.
Three different PPLN crystals are used in this experiment, and the proper band-
pass filters are applied accordingly. The experimental parameters will be specified
for the particular measurements in the following section.
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4.2.4 Results
4.2.4.1 NIR Detection with poling periods of Λ = 12 µm and Λ = 12.69 µm
Firstly, a 40-mm long PPLN crystal with two channels of Λ = 12 µm and Λ =
12.69 µm is placed into the PPLN oven, the noise photon from two channels is mea-
sured separately. During the measurement, a bandpass filter with λc = 625 nm and
∆λFWHM = 50 nm is used to remove the noise outside the spectrum of interest. Fig-
ure 4.11a and 4.11b show the images taken by the EM-CCD camera while the tem-
perature of the crystal is kept at 50 ◦C. Due to the dispersion caused by the prism,
the image suffers from astigmatism, but it does not affect the dark-count rate (DCR)
measurement since only the total noise count is used here.
(a) (b)
FIGURE 4.11: Image taken by the camera when the channels of (a) Λ = 12 µm and (b)
Λ = 12.67 µm are used. The temperature of the PPLN crystal is T = 50 ◦C.
In this experiment, the wavelength of the IR signal under detection is between
1.55 ∼ 1.65 µm. According to equation 4.27, the thermal radiation in this spectral
range is small enough to be neglected. Therefore, only the USPDC and the SHG-
SPDC are investigated here. According to the QPM condition, the central wave-
length of the SHG-SPDC and the USPDC noise can be calculated as λ′s = 605 nm
and λup = 634.9 nm, respectively. Therefore, the noise can be separated spatially by
the prism, which results in two diamond-shape patterns in figure 4.11a (Λ = 12 µm).
In contrast, figure 4.11b (Λ = 12.69 µm) has one diamond-shape pattern caused by
the USPDC process only, and its wavelength is λup = 646.7 nm.
Figure 4.12a shows the wavelength of USPDC (λup) and SHG-SPDC (λ′s) as a
function of the temperature of the PPLN crystal when a 1064 nm laser is chosen as
the pump. Generally, λup and λ′s are different from each other, this is also the reason
why two diamond-shape patterns in figure 4.11a are separate spatially. In other
words, the noise from the SHG-SPDC process can be removed easily. However, two
wavelengths can be the same in a particular condition (i.e. the black dot in figure
4.12a). From the perspective of the UCD, it will suffer from higher background noise
if the UCD works in this condition.
The DCR due to the SHG-SPDC process as a function of the pump power is
shown in figure 4.12b. There is a significant deviation between the experimental
result (blue circle) and the theoretical one given by equation 4.26 when the pump
power is high (Pp > 15 W). Meanwhile, figure 4.12c and 4.12d are the USPDC noise
count with different pump power. The theoretical results are given by equation 4.18.
The deviation between the experimental and the theoretical results can be neglected.
In order to further investigate the properties of USPDC and SHG-SPDC process,
the power of the 1064 nm pump is fixed at 22 W while the temperature of the PPLN
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(a) (b)
(c) (d)
FIGURE 4.12: (a) λ (λup and λ′s) as a function of T given by the collinear QPM condition for
the USPDC (green) and the SHG-SPDC (red) processes. DCRs due to (b) the SHG-SPDC and
the (c) USPDC process versus the 1064 nm power when the poling period is Λ = 12 µm. (d)
DCR due to the USPDC process with the poling period of Λ = 12.69 µm. The blue circles
represent the measurement results, and the hard lines are the simulation results based on
the corresponding models. The other parameters used in the simulations are: ω0 = 48 µm,
λp = 1064 nm, T = 50 ◦C and L = 40 mm.
crystal is increased gradually from 50 ◦C to 160 ◦C. Figure 4.13a shows the DCR as a
function of temperature. Figure 4.13b shows the calculated λ under different T. The
red curve indicates that the bandpass filter (λc = 625 nm, ∆λFWHM = 50 nm) starts
blocking the noise photon induced by the SHG-SPDC process when T > 100 ◦C,
because λ′s is smaller than 600 nm in this case but the transmission window of the
filter is 600 ∼ 650 nm. Thus, the DCR due to the SHG-SPDC process is close to 0
when T > 100 ◦C.
The inset plot of figure 4.13a clearly indicates that the change of temperature has
a larger impact on the SHG-SPDC process than on the USPDC process. This can be
explained by comparing equation 4.12 and 4.20: the SPDC (in the USPDC process)
and the SHG (in the SHG-SPDC process) are both phase-mismatched, and their in-
tensities are proportional to |g˜(∆k)|2. However, only the average of |g˜(∆kd)|2 can
affect the intensity of USPDC because the SPDC is broadband. On the contrary, the
SHG process is narrow-band since the linewidth of the 1064 nm pump is very nar-
row. Thus, the intensity of SHG is decided by the instantaneous value of |g˜(∆kSHG)|2
instead of its average. Considering the value of ∆kSHG changes during the tempera-
ture T tuning, the fluctuation of |g˜(∆kSHG)|2 leads to the power fluctuation of SHG,
which results in the fluctuation of the noise count (SPDC in the SHG-SPDC process)
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FIGURE 4.13: (a) Measured DCRs caused by the USPDC (black) and the SHG-SPDC (red)
processes versus the temperature of the PPLN crystal, the inset figure shows the fine tem-
perature tuning in the range of 50 ∼ 57 ◦C. (b) λ (λup and λ′s) versus T given by the collinear
QPM condition.
effectively. In fact, the power fluctuations of the green light (SHG) is observable
during the temperature tuning in the experiment.
4.2.4.2 MIR Detection with poling periods of Λ = 22 µm and Λ = 23 µm
The noise photon due to the upconverted thermal radiation and the USPDC can-
not be separated experimentally. However, the noise contribution from the upcon-
verted thermal radiation can still be investigated when it becomes the dominant
noise source. According to equation 4.27, the intensity of the thermal radiation be-
comes larger with the increase of IR wavelength. Thus, the MIR region (3 ∼ 5 µm)
is chosen as the spectral region of interest by using a 20-mm long PPLN with pol-
ing periods of Λ = 22 µm and Λ = 23 µm in the following experiment. Accord-
ing to the principle of energy conservation, the wavelength of the upconverted sig-
nal is between 750 ∼ 850 nm in this case. Accordingly, a new bandpass filter with
λc = 800 nm and ∆λFWHM = 100 nm is used here.
Figure 4.14 shows the images taken by the camera. Similar to figure 4.11a, the
images in figure 4.14 all have two separate patterns, which correspond to the 3rd
order SHG-SPDC and the upconverted thermal radiation/USPDC process, respec-
tively. The k-vectors diagram of the 3rd order SHG-SPDC process is given by figure
4.9b with m = 3. To be more specific, the SPDC following the SHG process is 3rd
order quasi-phase-matched. According to equation 2.17b, de f f for the SPDC process
decreases by a factor of 3, so the intensity becomes 9 times lower than the 1st order
one when working in the same conditions. This is also the reason why its intensity
is relatively low in figure 4.14.
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(a) (b)
FIGURE 4.14: Image taken by the camera when the channels of (a) Λ = 22 µm and (b)
Λ = 23 µm are used. The temperature of the PPLN crystal is T = 50 ◦C.
Figure 4.15a shows λ (λup and λ′s) as a function of T calculated by the QPM
condition for the upconversion and the 3rd order SHG-SPDC process. Similar to the
black dot in figure 4.12a, the wavelength degeneration (λup = λ′s) also happens for
the condition of Λ = 22 µm at T = 165 ◦C (black dot in figure 4.15a). Apparently,
the UCD will suffer higher background noise in this case. Figure 4.15b shows the
DCR given by the experimental and the theoretical results when the UCD is pumped
with the same pump power (Pp = 22 W) but at different working temperatures.
The blue circles indicate the total measured noise count due to both USPDC and
upconverted thermal radiation. The red and the green curves are the theoretical
results, which represent the noise sources due to the upconverted thermal radiation
and the USPDC, respectively. Clearly, the thermal part is the dominant noise source
in the UCD here.
(a) (b)
FIGURE 4.15: Calculated (a) λ (λup and λ′s) and (b) DCR as a function of temperature T. The
parameters used in the simulations are: Pp = 22 W, ω0 = 48 µm, λp = 1064 nm, L = 20 mm
and σz/Λ = 7 %.
4.2.5 Conclusion
The noise sources of the short-wavelength-pumped UCD: USPDC, SHG-SPDC and
the upconverted thermal radiation were investigated thoroughly in this study. Espe-
cially, the SHG-SPDC process was identified, to our best knowledge, as a new poten-
tial noise source for UCD for the first time. In general, the wavelength of the noise
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photon due to the SHG-SPDC process is different from that of the upconversion sig-
nal (λ′s = λup). Therefore, it can be removed by using a bandpass filter accordingly.
But for some particular cases (e.g. the cross points in figure 4.12a and figure 4.15a), it
cannot be removed due to the degeneration of the noise wavelength. Thus the SHG-
SPDC process can increase the background noise of a UCD significantly. From the
perspective of UCD design, the noise due to the SHG-SPDC process can be avoided
by choosing the correct combination of poling periodΛ, working temperature T and
bandpass filters.
The noise from the USPDC and the upconverted thermal radiation have the same
wavelength as the upconverted signal. An ultra-narrow bandpass filter (e.g. vol-
ume Bragg grating) is helpful for noise reduction, but it is impossible to remove
these noise sources completely. However, these two noise sources have different
dependencies on the working conditions. The USPDC noise strongly depends on
the pump power and the poling error of the crystal. On the contrary, the upcon-
verted thermal radiation is mainly affected by the λs and the working temperature.
Figure 4.16 shows the noise count due to the USPDC and the upconverted thermal
radiation at different detection wavelength. Apparently, the USPDC is the primary
noise source when λIR < 3.5 µm and the upconverted thermal radiation becomes
the dominant one when λIR > 3.5 µm. In general, using a crystal with less poling
error and working at low temperature is a good strategy for noise reduction.
FIGURE 4.16: DCR due to the USPDC (red) and the upconverted thermal noise (green) as
a function of the wavelength of IR signal. In the simulation, the temperature of the crystal
is set as constant T = 25 ◦C, and the poling period Λ of the PPLN crystal is calculated for
the different λIR based on the collinear QPM condition (blue dash line). The parameters
used in the simulation are: Pp = 80 W, ω0 = 90 µm, λp = 1064 nm, absolute poling error
σz = 1 µm, the central wavelength of the bandpass filter corresponds to the wavelength of
the upconverted signal, ∆λup = 2 nm and L = 25 mm.
This physical model provides theoretical support for the quantitative analysis of
UCD noise when the scheme of short-wavelength pumping is used. But it is worth
pointing out that the model for the SHG-SPDC calculation may have a large error
compared with the measurement result, which is caused by the deviation between
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the average and the instance value of |g˜(∆kSHG)|2. When the effect of the SHG-
SPDC is removed by choosing the proper design, the noise power can be calculated
by combining the contributions from the USPDC and the upconverted thermal radi-
ation together. Afterwards, the NEP of the whole detection system can be calculated
by considering the upconversion efficiency and the performance of the detector (for
the upconverted signal) in total.
4.3 Upconverted SRS Noise of the Long-wavelength-pumped
UCD
In this thesis, a UCD for atmospheric lidar application is designed and built based
on the scheme of short-wavelength pump. Four reasons for choosing this specific
design have been listed in Chapter 3 (page 25). Moreover, Our system shows a
better performance than the direct InGaAs detector in a real lidar measurement (in
Chapter 5), which proves it to be a promising technology for the future lidar appli-
cation. However, the DCR of our UCD is still relatively large (DCR ∼ 1× 104/s)
even though several strategies are implemented for noise reduction. Apparently,
the high DCR of the UCD limits the fields of application such as quantum network
where a low DCR is highly demanded [84]. Meanwhile, a long-wavelength-pumped
UCD has the potential of achieving ultra-low background noise since it can remove
the USPDC noise source fundamentally. The waveguide-based, long-wavelength-
pumped UCD for IR signal detection in the telecom band has been demonstrated in
[25, 26], wherein the DCR is in the level of 1× 102/s with an internal upconversion
efficiency ηup > 80 %. However, the waveguide-based UCD has a very small éten-
due, which limits its ability of signal collection. On the other hand, a UCD based
on the bulk crystal has a relatively large étendue, but it has seldom been demon-
strated with an intracavity-enhanced long-wavelength-pumped system. In order to
investigate the potential of the long-wavelength-pumped upconversion technology,
a UCD based on a 2 µm solid-state laser is built, and its noise properties are studied
accordingly.
4.3.1 Theory
FIGURE 4.17: The spectral diagram of the upconverted SRS process. The SPDC process is
also included.
Upconverted SRS has been proved to be the main noise source in the long-wavelength-
pumped UCD [25, 80, 85]. Figure 4.17 shows a spectral diagram of the noise gener-
ation for a long-wavelength-pumped UCD, the upconverted SRS can be separated
into two steps: 1) The high-intensity pump inside the crystal induces a broadband
noise floor due to the anit-Stokes Raman scattering effect. 2) The noise photon lo-
cated in the acceptance bandwidth (∼ ωs) of the upconversion process can be further
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upconverted and becomes the upconverted SRS noise. It is worth pointing out that
the high-intensity pump also induces broadbanded SPDC noise, but since the wave-
length of SPDC is smaller than λs, it contributes no noise photon to the upconversion
anymore, i.e. the USPDC process is removed fundamentally here.
The noise power due to the anti-Stokes Raman scattering can be simplified as
[25, 46]:
dPanti−Stokes = CPpρ exp(−h¯∆ω/kBT)gL(∆ω) dσdΩ∆ωdΩdz, (4.30)
where C is a constant, ∆ω is the angular frequency shift of the Raman scattering, ρ is
the number density of unit cells, gL(∆ω) is the Raman lineshape function and dσ/dΩ
is the differential cross section. Considering the power of SRS is proportional to the
propagation distance (similar to equation 4.14), the procedure for the calculation
of upconverted SRS noise is similar to that of the USPDC process: by substitute
equation 4.30 into equation 4.15b.
4.3.2 Experimental Setup
FIGURE 4.18: Scheme of the long-wavelength-pumped, intracavity-enhanced UCD for the
noise investigation. When the channel of Λ = 26.05 µm is used for the upconversion, λup =
901 nm and the bandpass filter has λc = 900 nm and ∆λFWHM = 10 nm. When the channel
of Λ = 23.70 µm is used , λup = 852 nm and the bandpass filter has λc = 850 nm and
∆λFWHM = 40 nm.
Figure 4.18 shows the experimental setup for the noise investigation of a long-
wavelength-pumped UCD. A diode-pumped Tm:YAP laser operating near 2 µm is
the backbone of the UCD. The cavity mirrors (M1, M2 and R150) are all HR coated
for 2 µm, and the transmission of M1 is characterized as TM1 = 2.86× 10−3 before
the laser is used for upconversion. The leakage power Pleakage from M1 is monitored
during the noise measurement, the intracavity power can be calculated using the
same strategy as introduced in Chapter 3 (page 31). An etalon and a CaF2 prism
are put inside the laser cavity in order to stabilize the central wavelength and also
to decrease the linewidth of the 2 µm laser. A pinhole and a long-pass filter with
λcut = 1450 µm are placed right after the laser crystal for the reduction of fluores-
cence generated inside the Tm:YAP crystal. A 25-mm long PPLN crystal with poling
periods of Λ = 23.70 µm and Λ = 26.05 µm is used for the upconversion of IR sig-
nal at λs = 1.48 µm and λs = 1.64 µm, respectively. The temperature of the PPLN
is maintained at 18 ◦C and the beam waist of the 2 µm pump laser inside the PPLN
4.3. Upconverted SRS Noise of the Long-wavelength-pumped UCD 63
crystal is ω0 ≈ 75 µm. The upconverted signal (and the noise) passes through a 4f
lens system consisting of L1 and L2. A pinhole with a diameter of 2.5 mm is placed
on the Fourier plane to remove the noise. A fibre coupled LD (FPL1059S, Thorlabs)
at λs = 1.65 µm is used as an IR source for the alignment. After passing through a
bandpass filter, the noise photon is measured by an EM-CCD camera.
4.3.3 Results and Discussion
The central wavelength of the IR signal under detection, the acceptance angle and
the acceptance bandwidth can be calculated based on the collinear QPM condition
considering a 25-mm long PPLN at 18 ◦C is pumped with a 1.998 µm laser. The
calculated results are summarized in table 4.2.
λs [nm] ∆λs [nm] ∆φ [mrad]
Λ = 23.70 µm 1484.7 1.2 16.5
Λ = 26.05 µm 1639.1 1.7 16.6
TABLE 4.2: Parameters of the upconversion
A proper IR source with a linewidth smaller than the acceptance bandwidth ∆λs
is not available in our laboratory. The 1640 nm LD used in this experiment as shown
in figure 4.18 has a relatively larger linewidth (∆λ ≈ 10 nm). The spectrum of the
LD is shown in figure 4.19a, in which the multiple peaks indicate that the LD lases
with multimode. Therefore, it is not possible to characterize the internal upconver-
sion efficiency of the UCD experimentally. However, based on the calculation, the
upconversion efficiency is expected ηup = 16 % when the pump power is 50 W.
(a) (b)
FIGURE 4.19: (a) Spectrum of the IR source, (b) DCR as a function of pump power.
Figure 4.19b shows the DCR as a function of pump power. Apparently, the DCR
increases linearly with respect to the pump power, which does not fit with the theory
(it is expected to behave like figure 4.12c). It is believed due to the enlargement of
the beam size caused by the thermal lensing effect in the laser crystal [86].
According to equation 4.30, parameters of working temperature T, frequency
shift ∆ν, pump power Pp and the length of crystal (or waveguide) affect the inten-
sity of Raman scattering together, all these parameters for several different UCDs
are summarized in table 4.3. In addition, the quantum efficiency (ηSi) of Si based
detectors used in different cases is also included in order to evaluate the DCR fairly.
The normalized factor Fi is defined as Fi = PpLηSi.
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The waveguide-based UCD has a DCR level of ∼ 1× 102/s, which is almost
2 orders of magnitude lower than our experimental results (Bulk 1 and 2), this is
mainly due to the large pump power Pp used in this experiment. Meanwhile, the
DCR for the λs = 1.65 µm detection is around 18 times larger than that of λs =
1.48 µm, which is caused by the larger dσ/dΩ. The relative values of dσ/dΩ for
T[◦C] ∆ν [1/cm] Pp [W] L [mm] ηdetector Fi/F1 DCR [1× 103/s]
Waveguide [80] 40 -917.3 0.215 52 52 1 2.79
Waveguide [85] 30 -1253 0.12 50 65 0.67 0.6
Waveguide [87] 38 -2971 0.085 48 70 0.49 0.045
Bulk 1, Λ = 26.05 µm 20 -1059 50 25 8 17.2 50
Bulk 2, Λ = 23.70 µm 20 -1763 50 25 16 34.4 3
TABLE 4.3: Parameter of the long-wavelength-pumped UCD
each case can be evaluated by comping DCRi/Fi accordingly.
In summary, an intracavity-enhanced, long-wavelength-pumped UCD based on
the bulk PPLN crystal was built in this experiment, and its background noise was
measured at different conditions. The experimental result proved that the upcon-
verted SRS is the primary noise source for the UCD, and the absolute DCR level of
the UCD is > 1× 103/s. The work presented in this section is only a preliminary
study on the upconverted SRS. It can be used for the estimation of DCR in the de-
sign of an UCD, but more experimental and theoretical investigations are needed for
the understanding of the physical process in the long-wavelength-pumped UCD. It
is highly recommended to use a single-pass scheme that is similar to that of figure
4.10 for the further investigation of the upconverted SRS noise in the future.
4.4 Pattern of USPDC and Noise Reduction
4.4.1 Introduction
The power of the USPDC noise generated in the short-wavelength-pumped UCD
was discussed before, and its typical value is DCR = 5× 105/s when an IR signal
at 1.5 µm is measured [72]. In some particular applications, the USPDC noise can be
removed fundamentally by using a long-wavelength pumping scheme, which can
lower the DCR to the level of ∼ 1× 102/s that primarily originates from the up-
converted SRS process [25, 80]. However, the scheme of long-wavelength pumping
is impractical for the upconversion detection in the mid/far IR range, and its dis-
advantages have been listed in Chapter 3 (page 25). In particular, the DCR in the
level of ∼ 1× 102/s can only be achieved by using a waveguide-based UCD with a
low-power pump (∼ 100 mW). For a UCD based on the bulk crystal, a high pump
power (> 10 W) is needed in order to get a reasonably high upconversion efficiency.
Considering the SRS noise is proportional to the pump power, the DCR in the bulk
crystal based UCD will end up in the level of ∼ 1× 103/s at least, which is also
experimentally proved in the previous section. Thus, instead of implementing UCD
based on the scheme of long-wavelength pump, the UCD with a short-wavelength
pumping is a better choice, and more effort should be put on its noise reduction.
In this section, the first experimental and theoretical study of the spatial and
spectral distribution of the USPDC noise when a short-wavelength pump is applied
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in an upconversion single-photon detector is presented. A new physical model con-
sidering the non-collinear parametric process is developed in order to explain exper-
imental observations. Furthermore, a novel yet simple method of using a spatial fil-
ter for DCR reduction is proposed by taking advantage of the spatially non-uniform
intensity distribution and the relatively broadband spectrum of the noise. An exper-
imental demonstration is performed showing 14 dB DCR reduction with only a 2.2
dB penalty for the signal.
The material present in this section (Section 4.4) can also be found in paper [88].
4.4.2 Spatial Distribution of USPDC Noise
A unique spatial distribution of the USPDC noise is first observed when the back-
ground noise of the intracavity pumped UCD is measured by an EM-CCD camera
that has single-photon counting capability. This is a newly discovered phenomena
that can be exploited for DCR suppression in upconversion detectors. Therefore,
further experimental and theoretical investigations are performed.
Experiment
Figure 4.20 shows the experimental setup where the ring pattern of USPDC noise
from a short-wavelength-pumped UCD is first discovered. More details of the UCD
has been introduced in Chapter 3 (page 25). It is worth mentioning that the USPDC
noise locates in the transmission window of the bandpass filter set in front of the
camera. Three images of the ring pattern as shown in figure 4.20 are obtained using
three different PPLN crystals at the same operating temperature T = 50 ◦C. PPLN
1 has a length of 25 mm and a poling period of Λ = 11.97 µm. PPLN 2 and PPLN
3 are both 40-mm long with Λ = 12 µm. All three PPLN crystals have a lateral size
of 1 mm × 1 mm. The ring patterns from these three crystals are different from
each other. This suggests that it is the specific poling structure rather than the de-
sign parameters of each crystal that determines the distribution of the ring pattern.
Additionally, the output of a 633 nm He-Ne laser is transmitted through the PPLN
directly and no interference ring pattern is found. Thus, interference is ruled out as
a mechanism for the ring pattern generation.
Figure 4.21 shows the USPDC ring pattern of PPLN 1 crystal operating at differ-
ent temperatures. The diameter of the rings decreased with increasing temperature.
The overlaying plot with the ring pattern at T = 40 ◦C is calculated based on the
non-collinear QPM condition and it shows the central wavelength λs of the signal
as a function of the angle θext described in figure 4.20. The length of the vertical
bars included in the plot indicates the acceptance bandwidth (∆λs ≈ 0.52 nm). The
spectral content of the ring pattern at different position varies along the radius. The
average intensity of the ring pattern is also found to vary with temperature, which
is primarily due to the variation of the 1064 nm pump power inside the laser cavity
with changing PPLN temperature.
Theory and Simulations
The RDC error in QPM devices (e.g. PPLN crystal) is the reason for the USPDC
pattern. In the previous section (page 51), the total noise power due to the USPDC
process was investigated experimentally, and the theoretical results given by the
model had a good agreement with the experimental ones. However, the model is
based on the pedestal effect, and it can only provide the averaging number. In order
66 Chapter 4. Noise Properties of the Upconversion Detector
FIGURE 4.20: Experimental setup for the USPDC ring pattern observation and three images
taken by the camera for three different PPLN crystals at the same operating temperature T
= 50 ◦C. M, mirrors; LD, laser diode. The BP filter set contains a 600 nm long-pass filter, a
650 nm short-pass filter, and a bandpass filter with λc = 635 nm and ∆λFWHM = 10 nm. The
scale on top of the images indicates the angle θext corresponding to a lateral position on the
image. Diffraction patterns caused by dust particles on the filter are visible on the image.
FIGURE 4.21: Intensity profiles of the USPDC noise for PPLN 1 crystal operating at different
temperatures
to explain the angular distribution of USPDC noise photons that is observed in the
experiment, a model involving the non-collinear interaction needs to be established.
The assumption used in the previous section is still valid. Figure 4.7b can still be
used to demonstrate the k-vectors for the phase mismatched but parasitic SPDC pro-
cess and the QPM upconversion process. Based on equations 2.4 and 2.5, the electric
field Ej propagating along the z-direction is governed by the following differential
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equations,
dEs
dz
= −K∗s g(z)E∗upe−i∆kupz + Ksg(z)E∗i ei∆kdz (4.31a)
dEup
dz
= Kupg(z)E∗s ei∆kupz (4.31b)
dEi
dz
= Kig(z)E∗s ei∆kdz, (4.31c)
where
Kj =
2iωjde f f
nsc
Ep (4.31d)
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2
. (4.31f)
∆kup and ∆kd are the phase mismatch of the upconversion and the downconversion,
respectively. g(z) is given by equation 2.16. The maximum upconversion efficiency
is expected when the non-collinear QPM condition is fulfilled, i.e.
∆kup(λs, φ) = 2pi/Λ. (4.32)
According to the length L, poling period Λ and specified RDC error of PPLN 1,
g(z) is assigned with discrete values. Afterwards, Es and Eup are solved numerically
based on equation 4.31 for a given λs and φ. Figure 4.22 shows an example of the
numerical calculation. As expected, the normally phase mismatched SPDC photons
are broadband. Unlike the spectrum of the SPDC, the spectral coverage of USPDC
photons is narrower with the central peak governed by the non-collinear QPM con-
dition, i.e. the quasi-phase-matched upconversion process with the condition given
by equation 4.32 determines where the USPDC photon count will be significant.
(a) (b) (c)
FIGURE 4.22: (a) SPDC and (b) USPDC given by the simulation results. (c) Angular profile
of the USPDC noise and the corresponding spectrum |F (∆kd)|2 of the simulated poling
structure.
In the simulation, the following parameter settings are used: 1064 nm pump
power Pp = 100 W, pump beam diameter 2ω0 = 400 µm, PPLN length L = 25 mm,
poling period Λ = 11.97 µm, T = 66.7 ◦C and the RDC error is 6 % with a Gaus-
sian distribution. The red dash curve in figure 4.22c is the angular profile of the
USPDC photon count rate obtained by integrating figure 4.22b over the λs axis (i.e.
a range that, on the upconverted side, corresponds to the 635± 5 nm pass-band of
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the filter used in the experiment), and the blue dash curve is the |F (∆kd)|2 [89],
where F (∆kd) is the Fourier transform of g(z), and ∆kd is given by equation 4.31
and 4.32. The strong correlation between these two curves indicates that the US-
PDC can be separated into SPDC and upconversion stages. The SPDC process is
phase mismatched, but not negligible, and the profile of ISPDC is decided by the spe-
cific poling structure with a corresponding |F (∆kd)|2. The upconversion efficiency
ηup(λs, φ) has the optimum values when equation 4.32 is satisfied. Assuming that
the acceptance bandwidth and angle are small enough (∆λs < 1 nm, ∆θ < 1 mrad),
the upconversion efficiency can be simplified as ηup(λs, θ) = η(θ)δ(∆kup − 2pi/Λ),
where η(θ) is the upconversion efficiency considering the reduction of interaction
length due to the non-collinear interaction [82]. Then, the power of USPDC can be
written as:
PUSPDC ∝
∫
ISPDC(λs, θ)η(λs, θ)dλs (4.33a)
=
∫
ISPDC(λs, θ)η(θ)δ(∆kup − 2pi/Λ)dλs (4.33b)
= η(θ)ISPDC(∆kup = 2pi/Λ). (4.33c)
Thus, the angular profile of the USPDC power is mainly decided by the SPDC in-
tensity profile combined with the quasi-phase-matched upconversion process.
By converting the angular distribution of the USPDC noise into a radial profile,
the two-dimensional USPDC pattern with rotation symmetry is generated. Figure
FIGURE 4.23: Simulation results showing the USPDC pattern using crystal parameters spec-
ified for PPLN 1 operating at different temperatures considering the 45 % (at 635 nm) quan-
tum efficiency of the EM-CCD camera.
4.23 shows the USPDC pattern with the same simulation parameters except for the
crystal temperature. Consistent with the experimental result, the simulated USPDC
noise emerges as a ring pattern; the diameter of the ring decreases with increasing
temperature and that the radial positions of local minima change with temperature.
4.4. Pattern of USPDC and Noise Reduction 69
4.4.3 Signal-to-Noise Ratio Improvement for the Short-wavelength-pumped
Upconversion Single-photon Detector
When a monochromatic IR signal is measured with the UCD, the bandwidth of the
upconverted signal is usually narrower than that of the USPDC noise. Therefore, the
use of a narrow bandpass (spectral) filter was the typical method for DCR reduction
in previous works [21, 72]. Experiments and simulations show that both the intensity
and the spectrum of USPDC noise vary spatially, which implies that the noise can
also be removed by spatial filtering when the upconverted signal is located at a local
minimum of the noise pattern. A demonstration of weak IR signal detection, at low
photon count rates measurable with single-photon counters, is performed in order
to confirm this novel DCR reduction scheme.
Experimental Setup
FIGURE 4.24: Experimental setup for single-photon detection based on a short-wavelength-
pumped UCD. SPC, single-photon counter (Si based); LD, laser diode; BP, bandpass filter
set.
Figure 4.24 shows a setup for single-photon detection with a short-wavelength-
pumped UCD. The linearly polarized output of a fibre laser at 1575 nm is attenuated
to the pW level before coupling into the UCD. The fibre tip and the collimating lens
are mounted onto a translation stage, which enables angle tuning of the IR signal by
translating the stage horizontally. The IR signal is mixed with the 1064 nm pump
field inside a 25-mm long PPLN crystal with Λ = 11.97 µm. The power of the up-
conversion signal is optimized by tuning the angle of incidence of the IR signal for
different operating temperatures of the PPLN crystal. After collimation and spatial
filtering, the UCD output is guided by a flip mirror, and either measured by a Si
based single-photon counter (COUNT-250C-FC, intrinsic DCR = 70/s, Laser Com-
ponents) directly or imaged by a camera. The red dots on the USPDC ring pattern in
figure 4.24 illustrate two different positions of the upconverted signal for two differ-
ent angles φ. Using the collinear case (φ = 0), the efficiencies of different components
used in the experiment are characterized as shown in table 4.4.
The diameter of the pinhole in figure 4.24 is 400 µm, which corresponds to the
width of the innermost dark annular region of the USPDC noise pattern shown in the
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Mirror transmission Internal upconversion efficiency ηup Pinhole efficiency
72 % 6 % 83 %
fibre coupling efficiency QE of SPC @ 635 nm Total efficiency ηtotal
81 % 73 % 2.1 %
TABLE 4.4: Efficiency characterization
inset of figure 4.24. Therefore, a strongly reduced DCR is expected when the pinhole
is placed at the local minimum of the noise pattern. Meanwhile, in order to ensure
that the upconverted signal passes through the pinhole efficiently, the IR signal from
the single mode fibre (N.A. = 0.12; mode-field diameter = 10 µm) is coupled inside
the PPLN with a 4f lens system (f300 and f11 with a focal length of 300 mm and
11 mm, respectively). The diameter of the upconverted signal at the position of
the pinhole (placed after a collimating lens f125 with a focal length of 125 mm) is
around 450 µm, which is comparable to the size of the pinhole. However, the 1/e2
beam diameter of the IR signal inside the PPLN crystal is ∼ 270 µm, which is larger
than the required value that leads to optimal spatial overlap between the interacting
pump and IR signal. Therefore, the measured internal upconversion efficiency ηup
(6 %) is lower than the theoretical one (16 %) considering a 60 W 1064 nm pump
power with a pump size 2ω0 = 400 µm. In principle, ηup can be further improved
by increasing the pump power. Using a similar UCD design (Λ = 12.07 µm, λs =
1646 nm), it has been demonstrated that a 160 W pump with optimal spatial overlap
with the signal can achieve ηup as high as 45 % [90]. In this work, a moderate pump
power is used to maintain a stable operation of the UCD over the range of operating
temperature in which USPDC noise is investigated.
Results
For every PPLN crystal operating temperature, the IR signal angle φ is fine tuned
in order to maximize the power of the upconverted signal. The red square in 4.25a
shows the temperature of the PPLN crystal versus the experimentally obtained op-
timal φ along with the numerical result (black curve) given by the QPM condition.
The upconverted SCR and the DCR are shown in figure 4.25b and figure 4.25c, re-
spectively. The collinear upconversion is achieved at 68.5 ◦C. The markers A and
B indicate the data for cases with and without pinhole, respectively. Comparing
these two cases, the SCR and DCR are reduced by 0.6 dB and 8 dB, respectively.
With increasing angle φ, the SCR decreases due to a reduction in the effective crystal
length [82]. Comparing the collinear upconversion (marker A) at 68.5 ◦C with the
non-collinear case at 66.4 ◦C (marker C), the DCR decreases from ∼ 1.4× 104/s to
∼ 3.6× 103/s with a signal reduction of 1.6 dB.
Comparing the collinear upconversion without pinhole (marker B) to the non-
collinear case with the spatial filter at the local minimum (marker C), this method
achieves a DCR reduction of 14 dB with only a 2.2 dB penalty on the SCR. Based on
the formula for the noise-equivalent-power (NEP) calculation [91]:
NEP = h¯ωs
√
2DCR/η. (4.34)
The NEP values at marker B and C are around 2.2 fW/
√
Hz and 0.7 fW/
√
Hz, re-
spectively. Therefore, this proposed method achieved an overall NEP improvement
factor of 3.
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FIGURE 4.25: (a) PPLN crystal temperature versus the corresponding optimal IR signal an-
gle φ. The red square is the experimental result and the black curve is the numerical simu-
lation given by the QPM condition. Due to slight discrepancy introduced by the Sellmeier
equations, a small offset of 1.2 ◦C is used in the simulated results in order to fit with the
experimental one. (b) SCR and (c) DCR measured at different operating temperatures of the
PPLN crystal.
FIGURE 4.26: USPDC pattern for PPLN 1 operating at temperature of 65 ◦C and 140 ◦C. The
overlay plots show λs as a function of θext. The blue dash circles indicate the areas from
which to collect the upconverted signal.
At marker B, the measured DCR is ∼ 1× 105/s. Using the same parameters as
the simulation result shown in figure 4.22, the USPDC count rate of 22 virtual PPLN
crystals with the same RDC error of 6 % but different poling structures are calculated.
The average USPDC count rate is 3× 105/s (standard deviation of 1.3× 105/s), which
is in the same order of magnitude as the measured DCR.
Based on both experimental and theoretical investigation, the USPDC photons
are mainly distributed in a solid cone corresponding to –15 mrad < θext < 15 mrad
and the spectrum of the noise pattern at different position varies along the radius.
Therefore, the central wavelength of the spatially filtered noise is determined by the
pinhole position on the USPDC noise pattern. Furthermore, the diameter of the pin-
hole and the acceptance bandwidth of the upconversion process determine the final
spectral bandwidth of the noise. For example, figure 4.26a shows the USPDC pat-
tern at a PPLN crystal temperature T = 65 ◦C. A pinhole with a diameter of 400 µm
located at θext = 6 mrad (local minimum between the central peak and the innermost
bright ring) would result in λs = 1574.8 nm and ∆λs = 0.5 nm. Figure 4.26b is for
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the case of T = 140 ◦C, in which the local minimum locates near the centre of the
ring pattern. A larger pinhole can be applied in this case since the dark area around
the local minimum is larger than in the previous one. Therefore, using collinear up-
conversion that maximizes interaction length (and, thus, conversion efficiency), a
centred pinhole of 1.2 mm diameter would result in λs = 1597.5 nm and ∆λs = 0.6
nm. A larger pinhole also means that the IR signal can be focused with a beam diam-
eter of less than 270 µm inside the PPLN crystal to optimize its spatial overlap with
the pump beam and consequently improve conversion efficiency. The bandwidth of
the upconverted noise after the pinhole is ∆λup = ∆λsλ2up/λ2s = 0.1 nm, which is
comparable to the 0.06 nm bandwidth of the VBG used in a previous work on DCR
reduction with a spectral filter [85].
For weak IR signal detection with short-wavelength-pumped UCD, the proce-
dure for noise reduction with a pinhole is summarized as follows: first, optimize the
collinear conversion efficiency by temperature tuning and obtain the corresponding
USPDC noise pattern. Second, locate the local minimum of the noise pattern and
choose a pinhole with the proper size that matches the width of the darkest annu-
lar region of the noise pattern. Third, with the assistance of a sensitive (EM-CCD)
camera, fine tune the temperature of the PPLN crystal until the upconversion signal
locates at a local minimum of the noise pattern. Fourth, block the noise with the
pinhole and measure the upconverted signal with a Si based single-photon counter.
4.4.4 Summary and Discussion
For the first time, the non-uniform angular distribution of USPDC noise photons
was measured in a short-wavelength-pumped UCD based on a bulk PPLN crystal.
In order to explain its mechanism, a model considering non-collinear parametric in-
teraction was established. Due to the presence of RDC error in the PPLN crystal
poling structure, the SPDC intensity is enhanced, and it also has a unique spatial
and spectral distribution ISPDC(λs, φ). However, only the SPDC photons that fulfil
the non-collinear QPM condition ∆kup(λs, φ) = 2pi/Λ can be further upconverted
efficiently. Therefore, the intensity of USPDC noise can be written as a function of
the IR signal angle φ only. In order to further verify this model, simulations were
run, and the results were consistent with the experimental results: (1) the USPDC
photons given by simulation results also have angular distribution in both spatial
and spectral region of interest. The USPDC count rate given by the simulation is
comparable to the experimental one. (2) The rings in the spatial pattern of USPDC
photons given by both experimental and numerical results contract towards the cen-
tre with the increase of temperature. (3) The PPLN crystal with the same designed
parameters but different RDC error shows different ring patterns.
Based on the discovery of the USPDC ring pattern, a simple method for DCR re-
duction is proposed for single-photon detection using UCD. By choosing the proper
non-collinear upconversion, the position of the upconverted signal can be moved to
a local minimum of the USPDC ring pattern that enables a more efficient spatial fil-
tering of the USPDC noise. Accordingly, a single-photon detection experiment based
on the short-wavelength-pumped UCD was performed. This method achieved a 14
dB DCR reduction with only 2.2 dB penalty in SCR.
The central wavelength of the filtered USPDC noise photons is a function of the
radial position of the pinhole on the ring pattern, and the 400 µm diameter pinhole
used in the experiment is equivalent to an ultra-narrow (spectral) bandpass filter
with an FWHM of ∼ 0.1 nm at the output of the UCD. Therefore, this method is a
promising alternative to the use of expensive bandpass filters (e.g. volume Bragg
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grating). Moreover, the pinhole used in the experiment can be replaced by an an-
nular aperture for free-space IR signal detection considering a ring-shaped upcon-
verted signal. In the previous work where UCD was used for an atmospheric lidar
application [33], no spatial filter was applied for USPDC noise reduction. If an an-
nular aperture is applied in that experiment, the signal-to-noise ratio of the detec-
tor is expected to improve following the same principle of using a pinhole to sup-
press USPDC noise without significant signal losses as demonstrated in this paper.
The use of a spatial filter is also a potential low-cost alternative to the use of ultra-
narrow bandpass filters to reduce the DCR in 2 µm upconversion detector (with 1064
nm pump) [44] and in long-wavelength-pumped UCDs based on bulk periodically
poled nonlinear crystals (i.e. suppression of upconverted spontaneous Raman scat-
tering noise).
The side-effect of using non-collinear upconversion for DCR reduction is the de-
crease in total detection efficiency. However, the experiment also showed that a
local minimum could also appear in the centre of the ring pattern where collinear
upconversion occurs. This implies that for a certain IR wavelength signal, maxi-
mum detection efficiency and significant DCR reduction by simple spatial filtering
can be achieved simultaneously.
4.5 Choice of Detectors for IR Detection
The properties of UCD including the upconversion efficiency, frequency response,
noise sources and the corresponding noise reduction have been discussed. Appar-
ently, UCDs with different design schemes possess different properties, which de-
cide their overall performance. From the perspective of applications, choosing a
UCD with the correct scheme for one specific application is important. Therefore, a
strategy for the selection of IR detector is developed based on the knowledge gath-
ered about the UCD so far.
To reduce the scope of this discussion to a digestible size, only InGaAs and MCT
detectors together with four types of UCD (long-wavelength-pumped single-pass
waveguide-based UCD; long-wavelength-pumped linear-cavity-enhanced UCD; short-
wavelength-pumped ring-cavity-enhanced UCD; short-wavelength-pumped linear-
cavity-enhanced UCD) are involved in the discussion. Moreover, all UCDs here are
assumed to be based on PPLN, i.e. the spectrum of detection is limited between
1 µm and 5.5 µm, wherein the LiNbO3 is transparent. It is necessary to emphasize
that other detectors including new-concept IR detectors (e.g. e-APD MCT) and UCD
based on other χ(2) material should also be considered during the detector selection,
the strategy demonstrated here just provides a reference to the UCD by comparing
it with InGaAs and MCT based detectors.
In the flowchart (figure 4.27) of the proposed guide for IR detector selection, four
conditions (in terms of detection wavelength λIR, sensitivity to noise, large étendue and
high bandwidth) are used in the selection process.
• Detection wavelength λIR?
PPLN-based UCD can work in the spectral region of (1 µm ∼ 5.5 µm), other
χ(2) material should be considered if the wavelength of IR signal is larger than
5.5 µm (i.e. "Other" in figure 4.27). IR signal in the region of (1 µm ∼ 2 µm)
can be detected by an InGaAs based detector, and an MCT detector can work
in the region of beyond 2 µm. In general, the acceptance bandwidth of UCD is
much smaller than the spectral response range of the direct detector. Therefore,
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strategies for the acceptance bandwidth broadening (e.g. temperature gradient
on PPLN [92], chirped poling period [93], noncollinear QPM [40]) should be
considered when the UCD is used for the polychromatic IR detection.
• Noise-sensitive?
In order to decide whether the application is noise-sensitive or not, it is nec-
essary to compare the signal photon budget with the noise of the competing
direct detector (InGaAs or MCT). Therefore, this condition can be replaced by
"large signal photon budget?". UCD working in the different spectral region
has different background noise level, and its dominant noise sources vary with
the working conditions. For example, the long-wavelength-pumped, waveguide-
based UCD working at 1.5 µm has been shown to reach a DCR level of ∼
1× 102/s, which is mainly from the upconverted SRS [25]. In contrast, the
short-wavelength-pumped, cavity-enhanced UCD working at 4 µm mainly suf-
fers from the upconverted thermal noise, and its typical DCR is ∼ 1× 105/s
(figure 4.16).
In order to take the full potential of upconversion, noise introduced by the
detector (e.g. Si based detector, PMT) for the upconverted signal should be
smaller than the noise induced by the upconversion module.
• Large étendue?
In order to enlarge the étendue of a UCD, bulk PPLN and large pump area are
used instead of the waveguide-PPLN. However, not all application needs a de-
tector with a large étendue. For example, systems based on fibre/waveguide
components has limited étendue, which make the waveguide-based UCD prefer-
able for the IR detection.
• High bandwidth?
In comparison with conventional direct IR detectors, a UCD has relatively
large detection bandwidth. Moreover, the UCD with ring-cavity enhance-
ment (or simply pumped by a single frequency laser) has a flat frequency
response. In contrast, the UCD with linear-cavity enhancement usually has
a non-uniform frequency response due to the beat noise originating from the
multilongitudinal mode pumping, especially when the modulated frequencies
of IR signal is very close to the pump beat frequency and/or its harmonics. If
the application needs high bandwidth (B > FSR of the linear cavity), a ring
cavity is necessary. Otherwise, both schemes can be used for the detection.
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FIGURE 4.27: Flowchart for the IR detector selection procedure. LW-SP UCD, long-
wavelength-pumped single-pass waveguide-based UCD; LW-LC UCD, long-wavelength-
pumped linear-cavity-enhanced UCD; SW-RC UCD, short-wavelength-pumped ring-cavity-
enhanced UCD; SW-LC UCD, short-wavelength-pumped linear-cavity-enhanced UCD.
After the specification of those conditions according to the requirement of the ap-
plication, an optimal choice of IR detector can be obtained by following the flowchart
shown in figure 4.27.
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Chapter 5
Atmospheric CH4 Sensing Using
Upconversion Detector
In this chapter, the experiment of measuring the atmospheric CH4 using a UCD will
be introduced. This work is an outcome of the collaboration between our group
(Optical Sensor, DTU Fotonik) and the Atmospheric Physics Department at DLR,
Oberpfaffenhofen, Germany. The focus of this study is to evaluate the performance
of the UCD for atmospheric lidar application. The principles of upconversion and
noise generation in the UCD has been discussed in the previous chapters of this
thesis. Thus, they will not be repeated here. But it is worth pointing out that a
PMT is used to detect the upconverted signal, and the signal-to-noise ratio of the
detection system including the performance of the PMT is analyzed in this study.
Moreover, the noise equivalent power of the detection system is measured to be
∼ 127 fW/√Hz, which outperforms a conventional InGaAs based APD by a factor
of 2 to 4 when both detection systems are used for DIAL measurements. Based
on the UCD, CH4 DIAL measurements have been performed yielding differential
absorption optical depths with relative error of less than 11 % at ranges between 3
and 9 km.
It is necessary to point out that most of the material discussed in this chapter
(Chapter 5) can also be found in [90], but more details about the the effect of PMT’s
gain and the noncollinear upconversion on the performance of the system will be
presented here.
5.1 Introduction
Global warming and climate change are growing threats to our world and pose se-
rious environmental challenges to society [94]. In order to mitigate the effects of
climate change, it is important to understand the greenhouse gas (GHG) cycles on a
global scale [95]. CH4, in particular, is the second most relevant anthropogenic GHG
after CO2 and a recent study shows that it plays an increasing role in global warm-
ing [96]. Thus, there is a significant interest in developing highly accurate remote
sensing systems for CO2 and CH4 monitoring.
Two potential and closely related technologies for accurate GHG measurement
by means of active remote sensing are the differential absorption lidar (DIAL) and
the integrated path differential absorption (IPDA) [97, 98]. DIAL can measure the
profiles of target gas mixing ratio in a certain range by analyzing the atmospheric
backscatter signals on two different wavelengths. In contrast, IPDA does not use
backscatter signals from molecules or aerosol but from a hard target. Therefore,
IPDA only measures the average mixing ratio of the gas in the columnar volume
between the transceiver and the hard target. The working principles of these two
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technologies are nevertheless similar. However, the intensity of the backscatter sig-
nal from the hard target is usually much stronger than the one from the atmosphere;
therefore, the required detectivity of the detector for the DIAL system should be
higher than that for the IPDA system when both systems operate under similar
conditions. Unfortunately, the required wavelengths for lidar measurement of the
GHGs (CO2 and CH4) are within the infrared range, wherein the detectivity of com-
mercially available InGaAs and HgCdTe based infrared detectors are orders magni-
tude lower than those working in the visible band, i.e. Si based detectors or pho-
tomultiplier tubes (PMT) [99]. State-of-the-art airborne and spaceborne lidar appli-
cations using direct infrared detectors are currently restricted to deploying IPDA
technology [98, 100–104]. The availability of infrared detectors with higher sensitiv-
ity will also enable range-resolved DIAL measurements to be performed.
Instead of using direct infrared detectors, a promising approach is to use an
upconversion detector (UCD) – a combination of an optical upconverter that effi-
ciently translates infrared signals to the visible region and a visible detector that has
high detectivity. Previously, an intracavity UCD for a CO2 IPDA/DIAL system was
demonstrated, wherein its performance was compared against an InGaAs detector
directly[45]. In that UCD, a 20-mm long PPLN bulk crystal was applied to upcon-
vert a 1572 nm signal to 635 nm by mixing with a 1064 nm intracavity pump. Even
though the previous UCD did not yet have better performance than the reference
InGaAs detector, it showed a high potential for further improvement.
In this chapter, an improved upconversion detector which outperforms an In-
GaAs based APD for long-range DIAL measurements is demonstrated. A number
of improvements over the previous UCD for CO2 IPDA/DIAL are discussed. This
time, the target gas of interest is CH4 rather than CO2. Note that this is the first
report of a CH4 lidar enabled by the UCD technology. The on- and off-line signals
for CH4 probing at 1645.56 nm and 1645.84 nm, respectively, are mixed with a 1064
nm pump in a 25-mm long PPLN bulk crystal. The upconverted signal at 646 nm
is detected by a standard PMT. The simple and compact receiver optics used with
the improved UCD only consists of a 3-inch diameter plano-convex lens with a focal
length of 750 mm. The backscatter signals from the atmosphere in ranges of a few
kilometres are detected by both UCD and the conventional InGaAs APD. It is exper-
imentally confirmed that the UCD achieves better performance thus constituting a
novel alternative for atmospheric lidar signal detection.
5.2 Theory
5.2.1 Detector Étendue
Similar to a conventional detector, the ability of UCD for infrared signal collection is
determined by its étendue (AΩ). A is the detector area and Ω is the solid angle from
which the detector can receive the signal. The UCD has a relatively small acceptance
angle which is fundamentally limited by the upconversion process [45]. In the fol-
lowing experiment, a 25-mm long PPLN is applied, which corresponds to an exter-
nal acceptance half-angle of 14.7 mrad. The beam waist of the pump inside the PPLN
crystal is around 200 µm. Therefore, the étendue of the UCD is AΩ = 85 µm2rad2.
On the contrary, the étendue of a typical InGaAs APD for atmospheric lidar applica-
tion [98] is AΩ = 2.36× 104 µm2rad2 (diameter D = 0.2 mm; field-of-view (FOV) =
56◦), which is around 280 times larger than that of the UCD.
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5.2.2 Signal-to-Noise Ratio
In the following lidar measurement, an InGaAs APD is used as a reference detector
to benchmark the performance of the UCD. Meanwhile, the upconverted signal in
the UCD is detected by a PMT. For both, APD and PMT, the same formula may be
used for SNR calculation [105]:
S
N
=
isignal√
2eFB(isignal + ib + id) + i2N/M2
, (5.1)
where e is the electron charge, B the detection bandwidth, isignal the photocurrent
generated by the incident signal photons, ib the photocurrent due to background
noise, id the dark current, iN the amplifier circuit thermal noise, F the noise figure,
and M the gain. It has to be emphasized that in comparison to InGaAs APD, the
PMT has lower noise figure (FAPD ≈ 3; FPMT ≈ 1) and much higher gain (10 < MAPD
< 20; 105 < MPMT < 106). Therefore, the PMT has better performance in terms of
suppressing the noise generally.
The SNR for the APD can be calculated using equation 5.1 directly. But for the
case of the UCD, its quantum efficiency and USPDC noise should be considered
along with the properties of the PMT when equation 5.1 is used. The photocurrent
of the UCD is:
isignal =
PIRηupηPMTηopte
h¯ωIR
, (5.2)
where ωIR is the angular frequency of the IR signal, ηup and ηPMT are the quantum
efficiencies for the upconversion and the PMT respectively, while ηopt is the coupling
efficiency of the optical system. The current due to the background noise is:
ib =
(Pbηupηopt + AIUSPDC)ηPMTe
h¯ωIR
, (5.3)
where Pb is the power of the ambient noise, IUSPDC is the intensity of the USPDC
noise, and A is the cross-sectional area of the pump beam in the PPLN crystal.
In the following experiment, the total quantum efficiency (ηupηPMTηopt) of the
UCD is around 8 %, which is smaller than that of the APD (∼ 60 %). But the UCD
has a higher detectivity than the APD and it can only succeed in outperforming the
APD when relatively weak signals are measured.
5.3 Characteristics of the UCD
5.3.1 Setup of the UCD
Figure 5.1 shows the schematic diagram of the UCD (its real photograph is shown
in figure 3.2). Its design is similar to the upconversion module discussed in Chap-
ter 3, but some components and parameters are changed in order to suit the CH4
IPDA/DIAL application. The poling period of the PPLN crystal is 12.45 µm and
the temperature of the crystal is precisely maintained at 129.9 ◦C. The upconversion
photon is detected by a PMT (H7422-40, Hamamatsu Photonics) and the PMT out-
put current is amplified by a current amplifier (DHPCA-100, FEMTO GmbH). The
output voltage of the current amplifier is treated as the final output of the UCD prior
to data sampling (sampled by an A/D converter or monitored by an oscilloscope).
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FIGURE 5.1: The schematic diagram of the UCD where the guide mirror and the receiver
lens are included. The PPLN crystal has a length of 25 mm and a poling period of 12.45 µm,
the LP filter has a cut-on wavelength of 1250 nm, the BP filter has a central wavelength of
647.1 nm and a bandwidth of 2.5 nm. The cyan, green and red beams represent the 1646
nm signal, 1064 nm pump and 646 nm upconverted signal, respectively. More details of the
UCD can be found in Chapter 3 (page 25).
Based on the experience gained from the preliminary development of the CO2
lidar UCD [45], the following performance improvements are applied in the new
UCD. First, a ring laser cavity with the capability of unidirectional lasing at 1064 nm
(upconversion pump wavelength) is implemented. In comparison to a linear laser
cavity used in the CO2 lidar UCD, the ring design enables single longitudinal mode
pump lasing. At high pump power levels, single mode operation of the ring laser
improves upconversion efficiency [73]. Furthermore, unwanted noise due to multi-
mode pumping [70] is avoided. Second, the overall QE of the new UCD is improved
by employing a longer PPLN crystal (25 mm versus 20 mm), a larger intracavity
Parameter UCD in Ref. [45] New UCD
Signal wavelength (nm) 1572 1646
Upconverted wavelength (nm) 635 646
1064 nm pump cavity type Linear Ring
PPLN length (mm) 20 25
PPLN period Λ (µm) 11.8 12.45
Intracavity pump power (W) 50 150
Pump beam waist ω0 (µm) 100 200
Étendue (µm2rad2) 25 85
LP filter cut-on wavelength (nm) n.a. 1250
FWHM of BP filter, ∆λFWHM (nm) 10 2.5
Visible PMT Detector Hamamatsu (R928) Hamamatsu (H7422-40)
QE of the PMT 8 % @635 nm 20 % @646
TABLE 5.1: Parameters of the previous and the new UCD.
pump power (150 W versus 50 W), and a larger pump beam waist ω0 (200 µm ver-
sus 100 µm). Third, the étendue of the new UCD is 3.2 times that of the previous one
as a result of the combination of larger detection area and slightly reduced accep-
tance angle (due to longer crystal length). Fourth, more suitable filters are employed
in the CH4 lidar UCD: a long-pass (LP) filter with cut-on wavelength at 1250 nm is
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placed right before the M4 to filter out the atmospheric stray-light noise in the visible
band; a bandpass (BP) filter (Semrock, LL01-647-12.5) with a central wavelength of
λc = 647.1 nm and a bandwidth of ∆λFWHM = 2.5 nm suppresses the pump-induced
noise more efficiently. Lastly, a visible PMT with an improved QE (20 % versus 8 %)
is used to detect the upconverted photons at 646 nm. A list of all improvements of
the new UCD versus the previously used configuration is given in table 5.1.
5.3.2 Quantum Efficiency of the UCD
In order to optimize the performance of the UCD, the upconversion quantum effi-
ciency is measured as a function of PPLN crystal temperature T. A beam from a
CW fibre-coupled DFB laser with a wavelength of 1645.85 nm is focused into the
PPLN crystal (transmitted through mirror M4 in figure 5.1) with precise position
and angle tuning for collinear upconversion. Only the unconverted power of the
1646 nm beam through the upconversion module is measured by filtering out all
other wavelengths with an LP filter (1250 nm cut-on wavelength) placed in front of
a power meter, which temporarily replaces the PMT in figure 5.1. The upconversion
QE, ηup(T), is characterized as:
ηup(T) = 1− Pr(T)/PR, (5.4)
where Pr(T) is the unconverted 1646 nm power at temperature T. PR is the transmit-
ted 1646 nm power when no 1064 nm pump is applied. Figure 5.2 shows the relation
FIGURE 5.2: Measured (black square) and theoretical (red line) internal quantum efficiency
of the upconversion module as a function of the temperature of the PPLN crystal. The the-
oretical model (red) is horizontally shifted by 2.5 ◦C, so its central lobe coincides with that
of the measured curve. The temperature offset is contributed to the slight inaccuracy in the
refractive indices calculated using the Sellmeier equation.
between the internal upconversion efficiency (i.e. without the effect of transmission
losses due to cavity mirrors) and the temperature of the PPLN crystal. At a signal
wavelength of 1645.85 nm, the UCD achieves maximum internal QE of 45 % at a
PPLN crystal temperature around 131 ◦C. During long-term operation, the tempera-
ture was stabilized to better than 0.02 ◦C, thus, variations in the QE of the UCD due
to temperature changes can be neglected.
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The intracavity pump power is monitored by measuring the proportional 1064
nm leakage power through M1 (see figure 5.1). Over a 30-minute period, the mea-
sured 1064 nm leakage power is 16.4 ± 0.2 mW (sampled every 3 minutes). There-
fore, the standard deviation in the UCD quantum efficiency caused by pump power
variation is only around 1.2 % during half an hour period. In a calibration measure-
ment, it was proved that 16.4 mW leakage power corresponds to∼ 150 W intracavity
pump power.
5.3.3 Noise Properties of the UCD
The UCD can be treated as a combination of an upconversion module and a PMT.
The SNR of the UCD can be calculated with equation 5.1 by considering the follow-
ing two prevailing optical noise sources, which potentially contribute to ib.
The atmospheric background noise at 1646 nm. A long-pass filter with a cut-on wave-
length at 1250 nm is applied in front of the entrance of the UCD to block the
solar background noise that the PMT is sensitive to. The PPLN crystal has a
small acceptance bandwidth (∼ 0.6 nm) and a small acceptance angle (< 20
mrad) for the input 1646 nm signal. Thus, the upconversion process acts as
both a spectral and a spatial filter that suppresses the atmospheric noise fur-
ther. In general, the atmospheric background noise at 1646 nm is negligible in
comparison to other noise sources in the UCD.
Noise generated in the upconversion process. Upconverted thermal radiation [33],
upconverted Raman scattering noise [25] and the USPDC noise are the inher-
ent noise sources in the upconversion module. The bandpass filter in front of
the PMT can filter the broadband noise (upconverted thermal and upconverted
Raman scattering noise) efficiently. However, it is not possible to remove the
USPDC noise completely due to its spectral overlap with the upconverted sig-
nal. Based on the calculation, the noise source due to SHG-SPDC process does
not exist in this case.
In order to quantify the noise generated by the current amplifier, the PMT, and the
upconversion module separately, the output of the current amplifier is monitored
by an oscilloscope under three conditions: (i) only the output voltage of the cur-
rent amplifier (NAMP), (ii) the combination of the current amplifier and the PMT
(NAMP+PMT), and (iii) the overall output of the UCD (at 150 W circulating pump
power) without infrared signal input (NAMP+PMT+UP). The output signal is sam-
pled over 2 ms at a rate of 25 MHz. The measured root mean squares (RMS) of the
sampled output voltage values are listed in table 5.2. The comparison of the RMS
values shows that the dominant noise originates from the upconversion module.
Noise source NAMP NAMP + NPMT NAMP + NPMT + NUP
RMS (mV) 2.3 73 179
TABLE 5.2: Noise in different parts of the upconversion detector sys-
tem.
Considering the internal upconversion efficiency ηup (45%), the estimated optical
coupling efficiency ηopt (85%), the PMT sensitivity S (106 mA/W) at 646 nm, the PMT
gain M (1.11× 105), the transimpedance R f (1× 105 V A−1) of the current amplifier
and its detection bandwidth B (10 MHz), the noise equivalent power (NEP) of the
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UCD is estimated to be around 124 fW/
√
Hz using equation 5.5.
NEP =
N
ηupηoptSR f M
√
B
. (5.5)
5.4 Experiment
5.4.1 IPDA Measurement
(a)
(b)
FIGURE 5.3: (a) Photograph and (b) conceptual sketch of the setup used for the lidar mea-
surements. For comparison with CHARM-F detectors, the UCD can be connected to the
data acquisition card otherwise used to digitize the APD signal. For the IPDA measure-
ment, the beam was directed to a distant forest. For the DIAL measurements, the entire
system was tilted such that the beam propagated beyond the tree tops. For mechanical rea-
sons, the lateral distance between the outgoing beam and the detector is larger for the UCD
in comparison to the CHARM-F receivers. The divergence angle of the transmitter and the
receivers’ FOVs are also given (not drawn to scale).
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In order to evaluate the improvement of this new UCD over the previous one,
it is tested under similar conditions as the experiment described in [45] using the
CHARM-F system [98] designed as an airborne lidar demonstrator for the French-
German MERLIN mission [104]. CHARM-F was devised to measure both CO2 and
CH4. While in the preceding study [45] the CO2 channel was used, here only the
CH4 channel was employed. The return signal from a hard target (i.e. the forest
located 2.3 km away from the laboratory building) is simultaneously measured by
the InGaAs PIN detector of CHARM-F and the UCD. CHARM-F operates in a dou-
ble pulse mode with a repetition rate of 50 Hz. The wavelengths of the two pulses
are 1645.56 nm and 1645.84 nm, which correspond to the on- and off-line of the cho-
sen resonance frequency of the CH4 molecule. The pulse duration is 20 ns and the
pulse energy is around 10 mJ. CHARM-F has two receiver systems. One consists
of a 200-mm diameter Cassegrain telescope and a 1-mm InGaAs PIN detector; the
other, a 60-mm diameter lens with a 0.2-mm InGaAs APD detector. More specific
information about CHARM-F can be found in [98]. As a deviation from the param-
eters described in [98] the divergence of the transmit beam was reduced from ∼3
mrad (chosen to optimize IPDA measurements from aircraft) to ∼ 0.9 mrad which
is much better adapted to the FOV of the UCD. In the previous work on CO2 lidar
measurement with a UCD, an 8-f scaling system with a demagnification of 250 was
applied to collimate the backscatter signal into the PPLN crystal. In contrast, the
present infrared signal is focused into the PPLN crystal by a single 3-inch diameter
plano-convex lens. Figure 5.3a and figure 5.3b show the photograph and sketch of
the experiment setup, respectively.
Gain of PMT
(a) (b)
FIGURE 5.4: (a) Backscatter signal from the on-line pulses measured by the UCD at differ-
ent PMT gain settings. The signal due to the atmospheric scattering and the hard target
scattering are marked with the red and blue box, respectively. (b) SNR ratio of the UCD
measurement as a function of PMT gain.
In this experiment, the upconverted signal is measured by a PMT (see table 5.1),
which affects the SNR of the measurement significantly. Before using the UCD for
lidar measurement, the effect of the PMT on the performance of the UCD is inves-
tigated by measuring the backscatter signal at different PMT gain settings. It has
to be emphasized that the temperature of the PPLN is kept at 129.6 ◦C during the
measurement. Figure 5.4a shows the intensity of the on-line signal with different
PMT gain settings. The signal from the hard target (located at 2.3 km) and from the
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atmospheric scattering (at the region of z > 0.5 km) are marked with the blue and
the red box in figure 5.4a, respectively. Apparently, the PMT is saturated by the hard
target signal when the gain voltage is larger than 0.5 V. Therefore, the signal in the
red box is used to characterize the effect of the PMT gain setting on the performance
of the system: the maximum signal level in the red box Ppeak and the standard de-
viation of signal Nbackground at the region of z > 17 km are calculated, respectively.
Afterwards, the SNR calculated as Ppeak/Nbackground is shown in figure 5.4b, which
indicates that the SNR gets improved when a larger gain is applied. This is also the
main argument of using a PMT, the noise from the PMT, amplifier and the AD con-
verter can be inhibited by using a high PMT gain. Additionally, the measurement
here indicates that the UCD is capable of measuring weak signals with a high PMT
gain.
Noncollinear Upconversion
The sensitivity of the conventional semiconductor-based detectors can be assumed
constant for the on- and off-line signal since the wavelength difference between
those two signals is small (|λon − λo f f | < 1 nm). In contrast, the upconversion effi-
ciency for the on- and off-line signal has certain difference due to the limited accep-
tance bandwidth and the different QPM angle (φ in figure 2.3c). Thus, the detection
efficiency for the on- and off-line signal should be calibrated before using the UCD
for the IPDA measurement.
(a) (b)
FIGURE 5.5: Ppeak for the on- and off-line pulses as a function of (a) the temperature of the
PPLN crystal and (b) the diameter of the iris.
For the different PPLN crystal temperature, the normalized Ppeak in the red box
is calculated for both on- and off-line signal, which is shown in figure 5.5a. In ad-
dition, the ratio between the on- and off- line signal Ponpeak/P
o f f
peak is also calculated.
The PMT gain setting is 0.66 V during the measurement. Based on figure 5.5a, fol-
lowing conclusions can be drew: 1) The optimal temperature for the off-line signal
(Topt,o f f ≈ 129.8 ◦C) is different from that of the on-line signal (Topt,on ≈ 129.5 ◦C). 2)
The detection efficiency for the on-line signal is higher when T < 129 ◦C, while the
efficiency for the off-line signal is higher when T > 129.5 ◦C. This can be explained
using the theory of noncollinear upconversion: when the temperature is lower than
129 ◦C, two signals fulfil the noncollinear QPM condition, according to equations
2.13b and 4.17, the on-line signal with a larger effective length (φo f f > φon) is ex-
pected to have a higher upconversion efficiency.
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In order to further investigate the effect of noncollinear upconversion on the on-
and off-line signals, an iris is placed in front of the 3-in plano-convex lens, and the
backscattering signal with different iris diameters is measured. During the measure-
ment, the PPLN temperature is kept at 129.6 ◦C, and the gain voltage of the PMT is
0.66 V. Figure 5.5b shows the normalized Pmax for the on- and off-line signals as a
function of the diameter of iris. The iris has no effect on the measurement when the
diameter is larger than 30 mm, and the off-line signal suffers from more signal losses
when the diameter is smaller than 30 mm. This is due to φo f f > φon, thus, the iris
starts blocking the off-line signal first when the diameter of the iris decreases.
Comparison with the PIN Detector
Figure 5.6 shows the normalized backscatter signal measured by the UCD and the
PIN detector. The relative absorption as measured by the PIN is of the order of 0.7
which is what is expected from an average CH4 mixing ratio of ∼ 1.9 ppmv (using
HITRAN 2012). For energy referencing, the internal calibration chain of CHARM-
F was used where the ratio of the outgoing on- and off-line pulses are measured by
the same PIN. This was, however, not possible with the UCD. Therefore, the energies
were referenced to the energy ratio measured by the PIN. Due to the slightly lower
conversion efficiency of the UCD at the on-line wavelength at the selected crystal
temperature which was confirmed by lab measurements the ratio of the on- to off-
line return signals is somewhat lower.
The signals at ∼ 18 km range depicted in the inset of figure 5.6 show the back-
ground noise. The root mean square (RMS) of the background noise given by the
UCD is only 1.3 times that of the PIN detector. On the contrary, the RMS given by the
previous UCD was ∼ 3.5 times larger than that of the PIN detector [45]. Moreover,
benefiting from the improvement of the new UCD, the peak power of the upconver-
sion signal from a hard target can easily saturate the PMT when the recommended
gain (1× 105 to 1× 106) is applied. The gain setting for the UCD data in figure 5.6 is
only around 1× 103, which implies that the UCD is expected to perform even better
if a signal with lower intensity (e.g. atmospheric backscatter signal) is measured and
a higher PMT gain setting is used. The result given by the UCD during the IPDA
measurement indicates that the UCD can even detect much weaker signals using an
appropriate PMT gain. In order to fully explore the potential of the UCD, the atmo-
spheric backscatter signal (few orders of magnitude lower than the IPDA hard target
signal) was measured, enabling real DIAL measurements.
5.4.2 DIAL Measurement
First CH4 DIAL measurements were performed in Oberpfaffenhofen, Germany on
June 23rd, 2017 around 11 a.m. UT. The weather was mostly sunny, with few clouds.
The temperature was ∼ 27 ◦C and weak (∼ 4 m/s) westerly winds prevailed. The
lidar transceiver was slant-pointed at ∼ 6◦ out of the laboratory window (see figure
5.3) steering over the forest such that no hard target (e.g. trees) remained in the
beam path. The InGaAs APD in the CHARM-F has better performance than the
PIN detector when the atmospheric backscatter signal is measured. Therefore, it is
the APD instead of the PIN detector that is used as a reference for comparison with
the UCD measurement. Since APD and UCD-PMT require the use of the same data
acquisition card they cannot operate simultaneously. Therefore, UCD and APD are
sequentially applied for the DIAL measurements with each measurement lasting 15
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FIGURE 5.6: Backscatter signal from the forest located 2.3 km away measured by the UCD
and the reference InGaAs PIN detector and the background signal (inset) from a range of
17.5 km and beyond. The plots are the averages over 6000 pulse pairs (i.e. averaging time of
2 minutes).
minutes. The separation between the two measurements was around 40 minutes.
The data was digitized at a sampling rate of 100 MHz for both measurements.
FIGURE 5.7: (a) Range dependence of the on- and off-line range-corrected signals given by
the APD and the UCD, (b) signal-to-noise ratio of the on-line backscatter measurement, and
(c) the DAOD given by the two detectors. All results are obtained by averaging 45000 pulse
pairs (averaging over 15 minutes).
The divergence angle of the transmitter is ∼ 0.9 mrad. The nominal FOV of the
APD based receiver is 3.3 mrad. The lateral distance between APD and transmitter
beam is 35 cm while it is larger (60 cm) between UCD and transmitter beam due
to mechanical constraints (see figure 5.3). Therefore the full overlap between trans-
mitter and UCD is shifted towards longer distances. The FOV of the UCD based
receiver can be estimated as 0.5 mrad given the ratio between the 1064 nm pump
diameter (400 µm) and the focus of the receiver lens (750 mm).
In analogy to the data presented in [106], figure 5.7a shows range-corrected backscat-
ter signal given by the APD and the UCD at position z upon averaging echoes from
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45000 pulse pairs (corresponding to a 15-minute average). Due to the stronger on-
line absorption by the CH4 in the atmosphere, the ratio of the off- to the on-line signal
becomes larger with increasing distance. In order to compare the performance of the
APD and the UCD, ratios of the raw on-line signal average 〈P〉 to its standard devi-
ation σP measured by both detectors are shown in figure 5.7b. Based on the NEP of
the UCD and the bandwidth of the detection, the noise floor of the UCD can be cal-
culated as 0.4 nW, which corresponds the intensity of the on-line signal at the range
of 5.2 km. For the APD, the NEP can be calculated as 240 fW/
√
Hz by considering
the RMS of the APD signal at around 18 km (1.36 nA), the APD sensitivity at 1646
nm (1.8 A/W) and the detection bandwidth B (10 MHz). The noise floor is in the 0.8
nW level, and the SNR for the on-line signal is unity at a range of 1.5 km, already.
For z >3 km, the 〈P〉/σP of the UCD is more than 5 times better than that of the APD
and it clearly shows that the UCD outperforms the APD for this DIAL measurement.
In order to obtain the same statistical error when using the UCD, the averaging time
thus can be reduced by more than an order of magnitude.
Based on the on- and off-line signal given by the UCD detectors, the differential
absorption optical depth (DAOD) and its corresponding error bars are shown in
figure 5.7c. Similar to the method used in [107, 108], the DAOD is calculated using
equation 5.6:
DAOD(z) =
1
2
ln
[Po f f (z)Ponpulse
Pon(z)Po f fpulse
]
. (5.6)
where Pon,o f f (z) is the backscatter signal measured by the detector and Pon,o f fpulse is the
reference pulse energy. The DAOD of the UCD in figure 5.7c increases linearly at
ranges between 3 km and 9 km with relative errors from 3 % to 11 %. The DAOD of
the APD that was recorded ∼ 40 minutes later shows the same range dependence
although, as expected, with much higher error bars.
The range-resolved CH4 mixing ratio can be obtained based on the data in figure
5.7c using the temperature and pressure dependent absorption cross sections of the
CH4 molecule with respect to the on- and off-line wavelengths. The slopes in fig-
ure 5.7c suggest a rather constant CH4 mixing ratio of ∼ 1.9 ppmv in the boundary
layer. However, since the angle of inclination of the transceiver was not very accu-
rately calibrated and no means for intercomparison of the methane mixing ratio was
available during this preliminary experiment, deriving the range-resolved mixing
ratio was not performed at this stage.
5.5 Discussion
The previous UCD showed great potential for IPDA CO2 detection even though its
relatively low QE and small étendue limited its performance [45]. In the new CH4
lidar UCD, these two parameters are effectively improved by applying altogether a
ring cavity, a higher pump power, a larger pump area, a longer PPLN crystal, and a
visible PMT with improved QE (see Table 5.1). Due to these improvements, the new
UCD outperforms the InGaAs APD detector when used for CH4 lidar application.
In the previous CO2 measurement, an 8-inch diameter Cassegrain telescope [45]
was used for the infrared signal collection. Due to the relatively small étendue of
the upconversion module, only a small part of all infrared photons collected by the
telescope were upconverted. Furthermore, the secondary mirror of the Cassegrain
telescope presumably blocked a part of the infrared signal. In the new UCD receiver
system, only a single 3-inch diameter plano-convex lens with a focal length of 750
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mm was used. The simple receiver lens system makes the signal collection more
efficient and easier to adjust. As before, the CHARM-F system [98] was used as the
testbed to compare the UCD receiver to the existing state-of-the-art.
Already at moderate gains of the PMT in the UCD, the backscatter signal from a
hard target (2.3 km away) became saturated in the IPDA measurement which could
be avoided by either attenuating the energy of the transmitted (or received) pulses
or by selecting a hard target at a much farther range (>10 km). The data in figure
5.6 shows that the detection efficiency of the UCD for the off-line signal was ∼14 %
higher than that for the on-line. In future IPDA measurements, therefore, the relative
detection efficiency of the UCD should be calibrated before performing columnar
average CH4 mixing ratio calculation. No calibration, however, is required for the
DIAL technique and the high sensitivity of the UCD versus direct detectors make
such measurements possible resulting in range-resolved lidar measurements.
The DIAL measurement results shown in figure 5.7 demonstrate that the UCD
outperforms the InGaAs APD. Although the more direct SNR comparison of the two
detectors in figure 5.6 shows comparable performance, it is necessary to emphasize
that the PMT gain setting used for the UCD in the IPDA measurement was relatively
low (i.e. 1× 103) to avoid saturation. In the DIAL experiment where the lidar system
was pointed away from the hard target, it was possible to increase the PMT gain
to 1× 105, thereby increasing the SNR performance of the UCD and allowing for
range-resolved CH4 DIAL measurements.
This UCD can easily be extended to other gas-sensing lidar applications working
in the MIR region (e.g. 2 µm to 5 µm) by simply changing the PPLN poling period,
spectral filters, and a cavity mirror (M4 in figure 5.3b) to match the specific MIR sig-
nal wavelength. Due to high detectivity and room-temperature operating condition,
the MIR UCD can serve as a better alternative to conventional MIR detectors (e.g.
cryogenically cooled HgCdTe or InSb detector) in atmospheric lidar applications.
5.6 Summary
In this work, the first IPDA and DIAL measurements of CH4 using an upconversion-
based detector are demonstrated. Benefiting from the high signal-to-noise ratio
performance of an improved upconversion detector, the system possesses the abil-
ity to measure the DAOD between 3 and 9 km with relative errors smaller than
11 %. The CH4 lidar UCD outperforms a conventional InGaAs APD detector and
shows strong potential as an alternative detector for future DIAL applications in
wavelength ranges where direct detectors have limited performance and where high
quantum efficiency and low noise are required.
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Chapter 6
Conclusion and Outlook
6.1 Conclusion
My Ph.D. project is the continuation of Lasse Høgstedt’s work [45]: to design and
build our 2nd generation UCD for atmospheric sensing. Apparently, the 2nd gener-
ation UCD has some similarities with the 1st generation UCD built and tested by
Lasse. For example, both UCDs used a bulk PPLN crystal as the χ(2) material; both
are intracavity-pumped with a 1064 nm laser; both were optimized for IR detection
around 1.6 µm (1572 nm and 1646 nm for the 1st and 2nd generation UCD, respec-
tively) and the USPDC is the primary optical noise source. However, I made several
improvements to the 2nd generation UCD, which resulted in an improved perfor-
mance than a conventional direct detector when employed in an atmospheric lidar
application. To be more specific, the étendue of the new UCD was around 3 times
larger and the intracavity pump power was improved by a factor of 3. Most impor-
tantly, instead of using a linear cavity, a ring cavity that enabled single longitudinal
mode lasing of the 1064 nm pump was used in this new module.
Another focus of my project is to investigate the noise properties of the UCD.
Firstly, the beat noise due to the coherent beating between the different longitu-
dinal modes in the 1064 nm laser was studied. The experimental results proved
that a UCD with a multi-longitudinal mode pump had a non-uniform frequency
response, which narrowed down the detection bandwidth. In contrast, the 2nd gen-
eration UCD can operate with a single longitudinal mode benefiting from the ring-
laser cavity design. Therefore, the detection bandwidth of the UCD is larger than 1
GHz. Moreover, the detection bandwidth of the current system is limited by the Si
based detector, and there is no fundamental limit for even faster detection as long
as the bandwidth of the Si detector is large enough. Secondly, a single-pass, short-
wavelength-pumped upconversion detector was built in order to study the noise
property of the UCD in more detail. The theoretical model for the USPDC, the SHG-
SPDC and the upconverted thermal radiation were established accordingly. Due to
the poling error (mostly the RDC error) of the PPLN crystal, the non-phase-matched
SPDC and SHG processes are strongly enhanced. Afterwards, the SPDC photon and
the SHG photon are capable of upconversion and downconversion satisfying the
QPM condition, which makes them the primary noise sources of the UCDs. The
USPDC noise photon has the same wavelength as the upconverted signal. Thus, it
cannot be removed by using a narrow spectral bandpass filter. In contrast, the SHG-
SPDC photon usually has a different wavelength compared to the upconverted sig-
nal. Therefore, it can be avoided by choosing a correct combination of poling period,
working temperature and bandpass filters. It is worth pointing out that, to our best
knowledge, it was the first time that the SHG-SPDC was identified as a potential
noise source in the UCD. The upconverted thermal radiation becomes the primary
noise source of the UCDs if λs > 3 µm, especially when the temperature of the PPLN
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crystal is high. Experimentally, it is impossible to separate the noise contribution of
the USPDC from the upconverted thermal radiation quantitatively. But the theoret-
ical model shows that the noise from the thermal radiation can be neglected when
λs < 1.7 µm and the USPDC noise can be neglected when λs > 4 µm. Thirdly, the
upconverted SRS noise of an intracavity-enhanced, long-wavelength-pumped UCD
was measured. As a potential strategy for noise reduction, a PPLN waveguide-based
UCD was characterized with a DCR of∼ 1× 102/s in the literature. On the contrary,
the DCR of a PPLN bulk crystal was > 1× 103/s. Considering that the intensity of
SRS is proportional to the pump power and the pump power in the bulk PPLN based
UCD was around 500 times larger than that of the waveguide UCD, it was reason-
able that the measured DCR in the former is around 2 orders of magnitude higher
than in the latter. Additionally, the intensity of Raman scattering is strongly af-
fected by the frequency shift (∆ν). The DCR given by our long-wavelength-pumped
UCD was around 5× 105/s when λs = 1645 nm, which was comparable to that
measured in the short-wavelength-pumped UCD. Therefore, the performance of the
long-wavelength-pumped UCD is worse than the short-wavelength-pumped sys-
tem when λs > 1645 µm, especially considering the lower detection efficiency of Si
based detector at the upconverted signal (λup = 900 nm).
During the noise property investigation of the short-wavelength-pumped sys-
tem, 2D ring patterns were observed when the noise photon generated inside the
UCD was measured with a high sensitivity camera. Further study showed that the
ring pattern originates from the unique spatial distribution of the USPDC noise.
Based on this discovery, a new strategy for noise reduction was proposed: com-
bining the noncollinear upconversion with a spatial filter, the SNR can be improved
when the signal is collected from the local minimum of the ring pattern in figure
4.20. In the experiment, this strategy resulted in a 14 dB reduction of the DCR with
only a 2.2 dB penalty for the signal.
The last part of my project was to test and prove the potential of the UCD in an
atmospheric lidar application. Following the similar procedures of measuring the
atmospheric CO2 with the 1st generation UCD, the atmospheric CH4 was measured
by our 2nd generation UCD, wherein the CHARM-F system (DLR’s atmospheric li-
dar system for CO2 and CH4 gas sensing) was still used as the light source and the
data acquisition device. The measurement results shown that the DAOD provided
by our new UCD yielded a relative error of less than 11 % at ranges between 3 and 9
km, and the new UCD managed to outperform an APD by a factor of 2 to 4 in terms
of SNR.
6.2 Outlook
After three years of research work on the upconversion technology, I gained a lot of
theoretical knowledge and experimental experience about this research area. Most
importantly, I have a deeper understanding about the value of upconversion tech-
nology to the scientific community. At the end of my Ph.D project, I would like
to share my vision about the potential improvement on the upconversion detection
and its future applications.
Further Improvement of the UCD
Benefiting from the experience of the 1st generation UCD, the 2nd generation UCD
managed to outperform the conventional APD in the DIAL measurement. It was a
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step forward in the exploration of the potential of upconversion technology in at-
mospheric lidar applications, but I believe more improvements can still be achieved
with a proper design. 1) Due to the development of fabrication techniques, the qual-
ity of PPLNs with larger aperture (e.g 2 mm×2 mm) has be improved significantly.
Therefore, pumping with a larger beam size (ω0 ≈ 400 µm) becomes possible, which
will enlarge the étendue of the detection system further. Meanwhile, a higher pump
power is needed in order to maintain the high upconversion efficiency. 2) In the 2nd
generation UCD, an 808 nm LD was chosen as the optical pump for the 1064 nm
Nd:YVO4 laser yielding ∼ 150 W power for the upconversion pump. However, due
to the thermal lensing effect, it becomes challenging to continue increasing the pump
power by simply increasing the 808 nm power. In future laser design, an Nd:YVO4
slab laser or an LD pumped at other wavelengths (880 nm or 916 nm) should be
considered in order to obtain a high 1064 nm pump power for the upconversion. 3)
Instead of using a bulk PPLN crystal as the χ(2) material, a PPKTP crystal is a better
choice in terms of USPDC noise reduction since the PPKTP crystal has much smaller
RDC error [109]. Even though the de f f of PPKTP (∼ 10 pm/V) is smaller than that of
the PPLN (∼ 16 pm/V), PPKTP has a smaller refractive index. Based on equations
2.11, both crystals will have comparable upconversion efficiency if they work un-
der the same conditions. However, a smaller refractive index will limit the étendue,
which should be considered when the overall performance of the system is being
evaluated.
Other Potential Applications using the UCD
The UCD shown in this thesis can be easily adapted to the other detection wave-
length ranges. Additionally, this UCD has a high detection bandwidth, which makes
it a potential candidate for applications where high-speed detection is necessary
such as free space optical communication. In principle, this UCD can significantly
improve the performance of the system wherein a MIR signal is being detected.
For the short-term application, we can deepen the cooperation with DLR in the
field of atmospheric sensing. In Chapter 5, our 2nd generation UCD outperformed
the conventional direct detector in a DIAL measurement. However, that experiment
was a just proof of concept since only the DAOD was obtained back then. In the
future cooperation with DLR, more well designed field tests can be arranged in order
to get range-resolved CH4 or CO2 (using a different PPLN channel) mixing ratio in
the atmosphere over long distance. In addition, with further improvement based
on the knowledge we acquired during the development of the 2nd generation UCD,
our 3rd generation UCD can have higher sensitivity and become more compatible
with the CHARM-F system. Thus, even better performance in the CH4 or CO2 DIAL
measurement is expected.
For the long-term application, atmospheric sensing based on the UCD can be
extended to other absorption lines of different gases, such as CO2 (2.1 µm), CH4
(2.3 µm), N2O (3.9 µm) [97], CO (4.7 µm) [110], C3H8 (3.39 µm), SO2 (3.98 µm) and
NO (5.2 µm) [105]. It is necessary to emphasize that UCDs has massive advantage
compared to the conventional direct detector working in the MIR region. In addi-
tion, instead of pursuing the measurement over long distance, short-distance sens-
ing is more realistic since some gas species have much stronger absorption in this
spectral region.
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Appendix A
Derivation of |g˜(∆k)|2
The structure of the PPLN crystal with a particular duty cycle and RDC error is
shown in figure 2.9. The crystal has N domains and the position of the boundary is
labeled as zi, i = 0, 1 . . . N. The poling period is Λ, the duty cycle is D and the ran-
domness of the boundary position follows a Gaussian distribution with a standard
deviation of σz. The Fourier transform of g(z) is
g˜(∆k) = F{g(z)}
=
∫
L
dzg(z)exp(i∆kz)
=
N
∑
n=1
∫ zn
zn−1
(−1)nexp(i∆kz)dz
=
N
∑
n=1
(−1)nexp(i∆kz)
i∆k
∣∣∣∣zn
zn−1
≈ 2
N
∑
n=1
(−1)nexp(i∆kzn)
i∆k
= 2
N
∑
n=1
exp[i(∆kzn + npi)]
i∆k
= 2
N
∑
n=1
exp(iΦn)
i∆k
,
(A.1)
where Φn = ∆kzn + npi. Then |g˜(∆k)|2 is
|g˜(∆k)|2 = 4
∆k2
N
∑
n=1
N
∑
m=1
exp[i(Φn −Φm)]
=
4
∆k2
(N +
N
∑
n=1
N
∑
m 6=n
exp[i(Φn −Φm)])
=
4
∆k2
(N +
N
∑
n=1
N
∑
m=n+1
exp[i(Φn −Φm)] + exp[i(Φm −Φn)])
=
4
∆k2
[N + 2
N
∑
n=1
N−n
∑
p=1
cos(Φn −Φn+p)].
(A.2)
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Define Φn+p −Φn as
∆Φn,p = Φn+p −Φn
= ∆k(zn+p − zn) + (n + p− n)pi
= ∆k(zn+p − zn) + ppi
= p(∆kl + pi) + h(n, p)
= pθ + h(n, p) + δzp+n + δzp,
(A.3)
where
θ = ∆kl + pi
l = Λ/2
h(n, p) =

0, |n-p| is even
δ, |n-p| is odd and n is even
−δ, |n-p| is odd and n is odd
δ = ∆kΛ(D− 0.5), D ∈ [0 0.5].
(A.4)
The average of cos(∆Φn,p) can be calculated as
< cos(∆Φn,p) >= exp(−σ
2
2
)cos[pθ + h(n, p)], (A.5)
where
< ∆Φn,p > = pθ + h(n, p)
σ2 = 2∆k2σ2z .
(A.6)
The elements in∑Nn=1 ∑
N−n
p=1 cos[pθ + h(n, p)] are rearranged as shown in table A.1.
Thus,
<
N
∑
n=1
N−n
∑
p=1
cos[pθ + h(n, p)] >=
N
∑
n=1
N−n
∑
p=1
< cos[pθ + h(n, p)] >
=exp(−σ
2
2
)
N
∑
n=1
N−n
∑
p=1
cos(pθ)
=exp(−σ
2
2
)
N/2
∑
j=1
{(N − 2j)cos(2jθ) + (N/2− j)cos[(2j− 1)θ + δ]
+ (N/2+ 1− j)cos[(2j− 1)θ − δ]}
=exp(−σ
2
2
){−N
2
+
(1− cosNθ)[1+ cos(θ − δ)]
2sin2θ
}.
(A.7)
Substituting equation A.7 into equation A.2 gives
|g˜(∆k)|2 = 4N
∆k2
[1− exp(−σ
2
2
)] +
4
∆k2
exp(−σ
2
2
)
(1− cosNθ)[1+ cos(θ − δ)]
2sin2θ
=
2L
∆k2Λ
[1− exp(−∆k2σ2z )]
+
4
∆k2
exp(−∆k2σ2z )
(1− cos∆kL2 ){1− cos[∆kΛ(1− D)]}
sin2 ∆kΛ2
.
(A.8)
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    Introduction 
Upconverted 
SPDC 
(USPDC) 
noise [1] is 
the 
dominant 
noise 
source 
in 
the 
upconversion 
detection(UCD), 
especially when 
the periodic 
poled nonlinear crystal is applied. Before the 
investigation of the detection limit of UCD, the 
physical 
mechanism 
of 
the 
USPDC 
noise 
generation should be studied. This work mainly 
forces on the experimental study of SPDC and the 
physical model of USPDC calculation. 
Figure 1
S
P
D
C
 process
    Principle of SPDC & USPDC 
Spontaneous parametric down conversion (SPDC) 
is a second order nonlinear process, its intensity is 
proportional to the pump power. The process 
violates the momentum conversion  among the 
photons, which results in the low intensity in 
general. SPDC process is illustrated in Figure 1 . 
ℏ
𝜔𝜔
𝑝𝑝 =
ℏ
𝜔𝜔
𝑛𝑛
+
ℏ
𝜔𝜔
𝑖𝑖  
ℏ
𝑘𝑘
𝑝𝑝
≠
ℏ
𝑘𝑘
𝑛𝑛 +
ℏ
𝑘𝑘
𝑖𝑖
But when the periodic poled nonlinear crystal is 
applied, the SPDC effect is enhanced due to the 
poling error of the crystal, which raises a broad  
bandwidth noise floor. The SPDC noise in the 
upconversion bandwidth can be upconverted, 
which will contribute the dark noise in the UD 
afterwards. The USPDC process is shown in 
Figure 2.  
Figure 2
U
S
P
D
C
 process
    Experim
ent & Result 
The bulk lithium niobate crystal is applied to 
measure the intensity of down conversion and 
SPDC noise directly [2].  
Figure 3
E
xperim
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A ring pattern is obtained for the non-collinear 
phase matching down conversion. The noise 
intensity of SPDC is proportional to 𝑠𝑠𝑠𝑠𝑠𝑠
𝑠𝑠
2(
Δ
𝑘𝑘
𝑘𝑘
2 ).  
 
    
Physical M
odel of USPDC in Periodic 
poled crystal 
The statistical properties of the poling error is 
analyzed and we assumed that the error follows 
Gaussian distribution. Its standard deviation  is 
applied for the calculation of  the SPDC intensity.  
The intensity of USPDC is calculated by assuming the 
SPDC intensity increasing linearly in the crystal. W
e 
compared our model with the experiment results 
show in Figure 5. 
Our model shows that the USPDC intensity increases 
linearly with respect to the pump power when pump 
power is large. 
    Figure 5 U
S
P
D
C
 photon rate given by the experim
ent and m
odel [3] 
Figure 4 R
ing pattern of non-collinear phase m
atching &
 
S
P
D
C
 intensity spectrum
 
Conclusion 
•
The intensity of non-collinear downconversion was investigated.  A clear ring pattern was observed in the 
experiment. 
•
The intensity of SPDC in bulk crystal was measured, its intensity distribution with respect to the phase 
mismatching was studied. But the signal with large phase mismatching was overwhelmed by the noise. 
•
A physical model for USPDC calculation was established, the simulation results fitted well with the 
experiment data. 
•
Further experiment with large pump power should be performed in order to further prove the validity of 
our model. 
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 Upconversion Technology 
Upconversion detection is a promising technology for measuring 
infrared (IR) lidar signals [1-2]. In comparison to conventional 
InGaAs detectors, the upconversion detector can achieve IR 
detection with better signal-to-noise ratio (SNR), not only due to 
lower dark noise directly, but also because of its limited field-of-
view and acceptance bandwidth that result in a much lower 
background noise. Fig. 1 shows a typical structure of the 
upconversion detector. 
Fig. 1. Schematic diagram of the upconversion detection principle.
 
 
 
 
 Linear Cavity 
 Principle of Upconversion 
Frequency upconversion relies on sum-frequency generation (SFG) 
process between the IR signal and a pump in a nonlinear material. 
The process follows the principle of energy conservation: 
  ℏ𝝎𝝎𝑰𝑰𝑰𝑰 + ℏ𝝎𝝎𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 = ℏ𝝎𝝎𝒑𝒑𝒑𝒑 
Periodically poled lithium niobate (PPLN) is a commonly used 
nonlinear material that permits high efficiency for the frequency 
upconversion process. The poling period of the crystal is fabricated 
to fulfill the quasi phase-matching condition: 
𝒌𝒌𝑰𝑰𝑰𝑰 + 𝒌𝒌𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 − 𝒌𝒌𝒑𝒑𝒑𝒑 = ±𝟐𝟐𝟐𝟐/𝚲𝚲; 𝚲𝚲 is the PPLN poling period. 
Fig. 2. Upconversion detector based on linear cavity.
 Ring Cavity 
Fig. 3. Upconversion detector based on ring cavity.
Intracavity pumping is typically used to achieve a sufficiently 
strong (e.g. 1064 nm) pump field. We investigated both the linear 
and the ring cavity designs for upconversion of 1.55 µm signals to 
631 nm. 
The linear cavity (Fig. 2) is simple and easy to assemble. The 
thermal lensing effect can be compensated by changing the cavity 
length. In our setup, the surface coating on opposite ends of the 
PPLN has a reflectivity of 0.6%, which contributes a total round 
trip loss of 2.4%. It also tends to operate with multilongitudinal 
modes due to spatial hole burning.   
The ring cavity we constructed (Fig. 3) has a relatively more 
complex structure, but it operates unidirectionally. The coating on 
the PPLN surfaces only contributes a loss of 1.2%, but a Faraday 
rotator crystal (TGG) and a half-wave plate introduce additional 
losses. The ring cavity is easy to run in single longitudinal mode. 
 
 
 
 
 Upconversion Efficiency  
Quantum efficiencies of the linear and the ring cavity based 
upconverters as a function of intracavity pump power is shown in 
Fig. 4.  
 Single and multilongitudinal mode pumping 
In our experiment, we observed that only the ring cavity can 
achieve single longitudinal mode pumping. Multilongitudinal 
mode pumping can cause fluctuation of the pump power, which 
introduces additional noise for high-bandwidth signal detection 
[3]. Fig. 5 shows modulated IR signal detection via upconversion 
and compares multi and single longitudinal mode pumping 
scenarios. 
Fig. 4. Upconversion efficiency versus intracavity pump power.
Fig. 5. Spectral of measured powers (insets) of (a), (b) 1547 nm signal, (c), (d) 1064 nm pump, and 
(e), (f) 630 nm SFG output for the case of (a), (c), (e) multi and (b), (d), (f) single longitudinal mode 
pump.
• Two intracavity setups (linear and ring cavity) for upconversion 
detection of 1.55 µm signals were tested. 
• The linear cavity was only able to operate in a certain pump 
power range because of thermal lensing effect.  
• The measured maximum conversion efficiency of the linear and 
the ring cavity based detectors were 30% and 32%, respectively.  
• Pump power (and hence, conversion efficiency) fluctuations due 
to multilongitudinal pump mode beating could introduce 
additional noise for high-bandwidth detection. 
• Only the ring cavity based upconversion detector was able to 
operate in single longitudinal mode pumping condition.  
Funding: Mid-TECH – H2020-MSCA-ITN-2014 (642661). 
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